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PREFACE 

This  volume  is  intended  for  those  who  have  such  a  knowledge 
of  direct  currents  as  is  given  by  Volume  I.  It  presupposes  no 
knowledge  of  alternating  currents.  The  first  two  chapters  are 
devoted  to  the  development  of  the  fundamental  laws  of  alter- 
nating currents  and  alternating-current  circuits.  Subsequent 
chapters  consider  the  application  of  these  fundamental  laws  to 
alternating-current  measurements,  to  polyphase  circuits,  to 
alternating-current  machinery,  and  to  power  transmission.  A 
chapter  on  illumination  and  photometry  has  been  included,  as  a 
brief  discussion  of  the  underlying  principles  of  light  and  of  light 
measurements  is  important  in  a  general  course  in  electrical 
engineering. 

The  development  of  the  various  alternating-current  formulas 
and  of  the  operation  of  various  types  of  machinery,  transmission 
lines,  etc.,  are  based  on  the  fundamental  laws  of  electricity  and 
magnetism  as  set  forth  in  Volume  I.  Mathematical  developments 
are  occasionally  introduced,  as  supplementary  to  the  descrip- 
tive matter.  As  in  Volume  I,  numerous  illustrative  problems 
and  methods  of  making  laboratory  tests  are  given  throughout  the 
text. 

This  volume  is  intended  to  be  elementary  in  character  and 
to  act  as  a  stepping  stone  to  the  more  advanced  texts  of  this 
series.  In  many  cases  rigorous  and  detailed  analysis  is  not 
given,  particularly  in  the  chapter  on  alternating-current  meas- 
urements and  in  the  discussion  of  certain  types  of  alternating- 
current  apparatus.  A  thorough  analysis  of  these  subjects  is 
found  in  "Electrical  Measurements'*  by  F.  A.  Laws,  and  "Prin- 
ciples of  Alternating  Current  Machinery"  by  R.  R.  Lawrence, 
both  of  which  volumes  are  included  in  this  series  of  Electrical 
Engineering  Texts. 
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CHAPTER  I 
ALTERNATING  CURRENT  AND  VOLTAGE 

1.  General  Field  of  Use  of  Altematiiig  Current. — Over  90 
per  cent,  of  the  electrical  energy  generated  at  the  present  time  is 
generated  as  alternating  current.  This  is  not  due  primarily  to 
any  superiority  of  alternating  over  direct  current  in  its  appUca- 
bility  to  industrial  and  domestic  uses.  In  fact,  there  are  many 
instances  where  direct  current  is  absolutely  necessary  for  indus- 
trial purposes,  but  even  in  these  cases  the  energy  is  often  gener- 
ated as  alternating  current. 

Some  of  the  reasons  for  generating  energy  as  alternating  current 
are: 

Alternating  current  can  be  generated  at  comparatively  high 
voltages  and  these  voltages  can  be  readily  raised  and  lowered 
by  means  of  static  transformers.  This  permits  the  economical 
transmission  of  alternating  current  over  considerable  distances  by 
using  high  transmission  voltages.  These  high  voltages  can 
be  reduced  efficiently  at  the  receiving  end  of  the  transmission  line. 
Direct-current  voltages  cannot  be  raised  and  lowered  on  an 
industrial  scale  without  the  use  of  rotating  commutators,  and  the 
permissible  voltage  per  commutator  is  low.  Therefore,  the 
voltage  of  direct-current  circuits  cannot  be  changed  economically. 

Alternating-current  generators  can  be  built  in  large  units 
running  at  high  speeds,  are  suited  to  turbine  drive,  and  the  cost 
per  kilowatt  of  such  alternators  is  low.     The  largest  single  unit 
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today  (1920)  has  a  rating  of  about  50,000  kv-a.  Owing  to 
commutation  diflSiculties,  direct-current  generators  cannot  be 
built  in  large  imits,  particularly  for  high  speeds.  At  1,000  r.  p.m., 
it  is  diflScult  to  build  a  direct-current  generator  having  a  rating  of 
even  1,000  kw.  On  the  other  hand,  5,000-kw.  alternators,  oper- 
ating at  speeds  of  3,600  r.p.m.,  are  not  uncommon. 

For  constant-speed  work,  the  alternating-current  induction 
motor  is  cheaper  in  first  cost  and  in  maintenance  than  the  direct- 
current  motor.  This  is  due  to  the  fact  that  the  induction  motor 
has  no  commutator.  Therefore,  it  is  occasionally  desirable  to 
generate  power  as  alternating  current  in  order  to  be  able  to  use 
induction  motors. 

The  high  transmission  efficiencies  obtainable  with  alternating 
current  make  it  possible  to  generate  electrical  energy  in  large 
quantities  in  a  single  station  and  to  distribute  it  over  a  compara- 
tively large  territory.  The  large  boilers,  automatic  stokers, 
superheaters,  recording  instruments,  etc.,  which  are  possible 
in  large  stations,  result  in  high  boiler-room  efficiency.  Large 
turbines  have  an  economy  which  may  be  three  or  four  times  as 
good  as  that  of  the  steam  imits  in  a  small  plant.  The  generator 
has  an  efficiency  of  95  to  96  per  cent,  in  the  larger  sizes.  Then 
again,  as  the  boilers  and  large  turbo-units  require  few  attendants 
per  kilowatt,  the  labor  and  superintendence  charges  per  kilowatt 
are  small. 

For  these  reasons  it  is  often  more  economical  to  generate  power 
with  large  units,  to  transmit  it  long  distances  and  even  to  convert 
it  into  direct  current,  than  to  generate  the  direct  ciurent  at  the 
place  where  it  is  to  be  utilized. 

It  must  be  remembered,  however,  that  the  reduced  generating 
costs  may  be  balanced  by  the  distribution  costs  resulting  from 
high  investment  charges  in  lines,  cables,  sub-stations,  machine 
ery,  etc.,  in  addition  to  the  labor  and  maintenance  costs  of  this 
distribution    system. 

Alternating  current  owes  its  importance  to  the  fact  that  it  can 
be  generated  economically  with  large  imits.  Its  voltage  can  be 
readily  raised  and  lowered,  so  that  energy  can  be  transmitted 
economically  for  considerable  distances.  Alternating-current 
motors  for  constantnspeed  work  are  usually  preferable  to  direct- 
current  motors. 
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2.  Sine  Waves. — It  was  shown  in  Vol.  I,  Chap.  X,  that  when 
a  single  coil  rotates  at  constant  speed  in  a  uniform  field,  Fig.  1, 
in  alternating  emf.  is  generated.  This  emf.  is  zero  when  the 
plane  of  the  coil  is  perpendicular  to  the  field,  and  reaches  its 
maximum  value  when  the  plane  of  the  coil  is  parallel  to  the  field. 
(See  Vol.  I.  page  219,  Fig.  188.)  The  successive  values  of  the 
emf.  may  be  represented  by  a  smooth  curve  called  a  sine  wave 
since  the  values  of  the  emf.  are  proportional  to  the  sine  of  the 
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Fio.  1. — Generation  of  an  alternating  emf. 


angle  x  which  the  coil  makes  with  the  vertical,  Fig.  1.  This  will 
be  discussed  more  in  detail  later. 

For  various  reasons,  commercial  generators  do  not  give  exact 
sine  waves  of  emf.  In  fact,  the  emfs.  of  some  generators  differ 
materially  from  a  sine  wave.  Still,  most  commercial  genera- 
tors have  waves  of  emf.  which  are  sufficiently  close  to  a  sine 
wave  to  warrant  their  being  treated  as  such. 

If  a  wave  is  not  a  sine  wave,  it  may  be  resolved  into  a  series 
of  sine  waves  of  fundamental  and  higher  frequencies.  Each  one 
of  these  components  may  then  be  dealt  with  as  a  sine  wave. 

The  waves  ordinarily  encoimtered  in  practice  are  approxi- 
mately sine  waves  and  may  be  treated  by  simple  methods  of 
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analysis.    The  fonmilas  and  equations  which  follow  apply  to 

sine  waves  of  current  and  voltage,  unless  otherwise  specified. 

The  sine  wave  may  be  produced  graphically  as  follows:  Draw 

a  circle,  Fig.  2,  whose  radius  A  is  equal  to  the  maximum  value  of 


Fia.  2. — Graphical  constnictJon  of  a 


the  sine  wave.  Divide  the  circumference  of  this  circle  into  any 
number  of  equal  parts,  in  this  case  12,  and  number  them 
0,  1,  2  .  ,  .  12.  Also  draw  a  horizontal  line  ab,  which,  if 
extended,  would  pass  through  the  center  of  the  circle.    Divide 


for  definite  aogles.  . 


cA  into  the  eame  number  of  equal  parts  as  there  are  on  the 
circumference  of  the  circle,  and  give  the  points  corresponding 
numbers.  Erect  an  ordinate  or  perpendicular  at  each  point. 
Project  the  points  on  the  circle  horizontally  until  they  meet 
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perpendiculars  having  corresponding  numbers.     A  smooth  curve 
drawn  through  the  intersections  will  be  a  sine  wave. 

The  sine  wave  may  also  be  plotted  from  a  table  of  sines.  (Appen- 
dix, page  458.)  Mark  a  horizontal  axis,  Fig.  3  (a),  in  degrees. 
At  each  point  erect  an  ordinate  equal  to  the  sine  of  the  corre- 
sponding angle.  Thus  at  30°  the  ordinate  ob  is  0.5;  at  60°  the 
ordinate  cd  is  0.866 ;  at  90°  it  is  1 .0 ;  etc.  The  wave  passes  through 
zero  at  180°,  because  the  sine  of  180°  is  zero.  When  the  angle 
becomes  greater  than  180°,  the  sine  becomes  negative  and  the 
wave  falls  below  the  Une,  as  the  sine  is  negative  between  180° 
and  360°.  (See  page  456.)  The  above  is  equivalent  to  plot- 
ting the  sines  of  the  angle  x,  Fig.  1,  x  being  the  angle  which 
the  plane  of  the  rotating  coil  makes  with  the  vertical  at  any 
instant. 

If  the  wave  in  question  has  a  maximum  value  of  B,  Fig.  3  (6), 
instead  of  unity,  the  value  of  the  ordinate  at  any  point  may  be 
found  by  multiplying  B  into  the  sine  of  the  corresponding  angle. 
That  is 

2/  =  5  sin  a:  (1) 

Where  x  is  in  degrees. 

Example, — Find  the  ordinates  of  a  sine  wave  at  points  corresponding  to 
65**  and  210**,  the  maximum  ordinate  being  40  units,  Fig  3  (fc). 
From  page  469  sin  65°  =  0.906. 

40  X  0.906  =  36.24.     Ans, 

Sin  210**  =  -(sin  210**  -  180**)  =  -sin  30**  =  -0.5.      (Page  456) 

40  X  (-  0.5)  ==  -  20.     Ans, 

These  values  are  shown  in  Fig.  3  (6). 

$•  Cycle;  Frequency. — When  the  coil,  Fig.  1,  has  completed 
one  revolution,  it  has  passed 
one  pair  of  poles  (a  north  and  a 
south  pole)  and  it  has  traversed 
360  space-degrees.  The  voltage 
wave  has  gone  through  one 
complete  cycle  of  values  and 
the    wave    is    now    ready    to 

repeat  itself.      This  is  iUustrated         ^^°-  ^-Alternation  and  cycle. 

in  Fig.  4.     Having  gone  through  one  complete  cycle,  the  voltage 
has  gone  through  360  electrical   time-degrees.     Therefore,  in 
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value  of  this  squared  wave  is  1.0  amp.,  as  shown  by  the  dotted 
Kne,  because  the  areas  above  the  dotted  Une  will  just  fit  into 
the  shaded  valleys  below  the  dotted  Une.  Therefore,  if  an 
equivalent  rectangle  were  made  from  this  wave,  its  height 
would  be  1.0  imit.  This  value,  1.0,  is  the  average  of  the  squares 
of  the  current  wave.  Average  heating  varies  as  the  average  of 
the  squares  of  the  current,  so  this  procedure  for  determining  the 
ampere  value  of  the  wave  of  Fig.  7  (a)  is  correct. 

To  obtain  the  correct  value  of  the  current  in  amperes,  the. 
square  root  of  the  average  square  must  be  taken.  That  is,  I  (in 
amperes)  =  \/l.O  =  1.0  amp.  This  value  of  the  current  is  called 
the  root-mean-square  (r.m.s.)  or  effective  value  of  the  current. 

Therefore,  an  alternating-current  ampere,  sine  wave,  which 
produces  heat  at  the  same  rate  as  a  direct-current  ampere,  has 
a  maximum  value  of  1.414  (=  \/2)  amp.  In  fact,  for  any  sine- 
wave  current,  the  ratio  of  the  maocimum  to  the  effective  value  is 
equal  to  the  y/T,  or  1.414.  The  ratio  of  effective  to  maximum 
value  is  1/1.414  =  0.707. 

To  obtain  the  effective  value  of  any  current  wave,  not  necessarily 
a  sine  wave: 

(a)  Plot  a  wave  whose  ordinates  are  equal  to  the  squares  of  the 
ordinates  of  the  given  current  wave. 

(6)  Find  the  average  value  of  this  squared  wave  by  obtaining 
the  area  of  its  loops  with  a  planimeter  and  dividing  this  area  by 
the  base;  or  by  averaging  the  ordinates. 

(c)  Find  the  square  root  of  this  average. 

The  same  result  may  be  obtained  by  erecting  equidistant 
ordinates  on  the  original  wave,  averaging  their  squares  and 
taking  the  square  root  of  this  average.  This  will  give  the  root- 
mean-square  value. 

If  a  sine  wave  of  current  be  averaged  in  the  ordinary  manner  for 
half  a  cycle,  it  will  be  found  that  this  average  is  equal  to  2/t  or 
0.637  times  the  maximum  value.  The  ratio  of  effective  to 
average  value  is  then  0.707/0.637  »  1.11  and  the  ratio  of 
average  to  effective  value  is  0,9,  It  is  sometimes  necessary 
to  know  the  average  value,  and  the  ratio  of  effective  to  average 
value  enters  into  computations  of  induced  emfs.  in  alternators, 
transformers  and  other  types  of  alternating-current  machinery. 

Th^  ratio  of  effective  to  average  valuQ  is  cprlled  the  form  factor 
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of  the  wave.  The  form  factor  of  a  sine  wave  is  1.11.  The 
maximum,  effective,  and  average  values  for  a  sine  wave  of  voltage, 
whose  r.m.s.  value  is  100  volts,  are  shown  in  Fig.  8. 


Fig.  8. — Relation  of  maximum,  effective,  and  average  values  of  a  sine  wave. 

6.  Equation  of  Sine  Wave  of  Current. — If  uit  is  substituted 
for  X  in  equation  (1),  Par.  2,  the  equation  of  a  sine  wave  of 
alternating-current  is  given  by 

i  =  Imax  sin  (at  (3) 

where  i  is  the  value  of  the  current  at  any  time,  t,  I  max  is  the.  maxi- 
mum value  of  the  current,  and  «  =  2ir/.  The  term  w  is  equal  to 
2ir  times  the  frequency  /,  and  is  the  angular  velocity  in  radians 
per  second  of  the  rotating  vector  which  may  be  used  to  construct 
the  wave.     (Appendix,  page  453.) 

Similarly,  the  equation  of  a  sine  wave  of  electromotive  force 
will  be  given  by 

6  =  Efnax  sin  (at,  (4) 

Example. — What  is  the  equation  of  a  25-cycle  current,  sine  wave,  having  an 
effective  value  of  30  amp. ,  and  what  is  the  value,  i',  of  the  current  when  the 
time  is  0.005  sec?  The  wave  crosses  the  time  axis  in  a  positive  direction 
when  the  time  is  equal  to  zero. 

I  max  =  30\/2  =  42.4  amp. 
2ir26  =  157  =  « 

i  —  42 A  sin  157  i.     Ans, 
i'  =  42.4  sin  157  X  0.005  = 

42.4  sin  0.7S5  radians 
2«-  :=  6.28  radians  ^  360°  (page  453) 
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0  78*5 

^23   X  360*  *  45°.    As  the  wave  completes  360°  in  J^  5  or  0.04  sec.  in 

0.005  sec.  it  will  have  completed  ^'    .^  =  %  cycle. 

36078  =  45° 

i'  =  42.4  sin  45°  =  42.4  X  0.707  =  30  amp.     Ans. 

?•  Scalars  and  Vectors. — Quantities  in  general  are  divided  into 
two  classes,  scalars  and  vectors. 

A  scalar  is  a  quantity  which  is  completely  determined  by  its 
magnitude  alone.  Examples  of  scalar  quantities  are  dollars, 
energy,  gallons,  mass,  temperatiu-e,  etc.  Such  quantities  are 
added  algebraically.  For  example,  two  dollars  plus  five  dollars 
equals  seven  dollars. 

A  vector  has  direction  as  well  as  magnitude.  A  common  ex- 
ample of  a  vector  is  force.  When  a  force  is  under  consideration, 
not  only  its  magnitude  but  its  direction  as  well  must  be  consid- 
ered. When  two  or  more  forces  are  added,  they  are  not  neces- 
sarily added  algebraically  but  must  be  combined  in  such  a  way 
as  to  take  into  consideration  their  directions  as  well  as  their 
magnitudes. 

Figure  9  (a)  shows  two  forces  acting  at  the  point  0  and  repre- 
sented by  the  vectors  Fi  and  F2.  The  length  of  each  of  these 
vectors,  to  scale,  is  equal  to  the  magnitude  of  the  force  which  it 
represents.  The  direction  of  each  of  these  vectors  shows  the 
direction  in  which  the  force  acts.  j8  is  the  angle  between  F\  and 
F2.  Their  sum,  Fq,  or  the  single  force  which  would  have  the 
same  effect  on  their  point  of  application,  0,  as  Fi  and  F2  acting 
in  conjunction,  is  called  their  resultant,  Fq  is  one  diagonal  of  the 
parallelogram  having  Fi  and  F2  as  adjacent  sides. 

Figure  9  (&)  shows  a  triangle  having  Fi  and  F2  as  two  of  its 
sides,  Fi  and  F2  being  respectively  parallel  to,  and  acting  in  the 
same  directions  as,  Fi  and  F2  of  Fig.  9  (a).  The  exterior  angle 
between  Fi  and  F2  is  therefore  equal  to  j8.  The  third  side  of  the 
triangle  Fo  is  equal  in  magnitude  and  direction  to  Fq  of  Fig.  9 
(a).  Therefore,  the  resultant  of  two  vectors  may  be  found  by 
means  of  a  triangle  properly  constructed,  of  which  two  sides  are 
the  two  component  vectors  and  the  third  side  is  their  sum.  Such 
a  triangle  is  called  a  triangle  of  forces.  It  is  usually  simpler  to 
use  the  triangle  of  forces  than  to  use  the  parallelogram  of  forces. 

To  subtract  one  vector  from  another,  reverse  this  vector  and 
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add  it  vectorially  to  the  second  vector.  For  example,  in  Fig.  9 
(c)  it  is  desired  to  subtract  F2  from  Fi.  F2  is  reversed  giving  — Fj. 
F'o,  the  vector  smn  of  Fi  and  —  F2,  found  by  completing  the  paral- 
lelogram, is  equal  to  Fi  —  F2.  Vectors  may  be  subtracted  by  the 
triangle  method  as  shown  in  Fig.  9  (d).  The  vector  F'o,  connect- 
ing the  ends  of  the  two  vectors  Fi  and  F2  whose  diflference  is 
desired,  is  their  vector  difference. 


(a)  Sum  of  two  vectors  by  parallelogram     ( I)  Sum  of  two  vectors  by 

method  triangle  method 


id)  Difference  of  two  vectors 
by  triangle  method 


(c)  Difference  of  two  vectors  by  parallelogram 

method  „ 


Yfo'^FT^Ft   , 


(  e )  Sum  and  difference  of  two  vectors 
FiQ.  9. — Sum  and  difiference  of  two  vectors. 


If  a  parallelogram.  Fig.  9  (e),  having  vectors  Fi  and  F2  as 
adjacent  sides,  be  completed,  one  diagonal  Fo  of  the  parallelo- 
gram is  the  vector  sum  of  Fi  and  F2.  The  other  diagonal  F'oi  of 
the  parallelogram,  is  the  vector  difference  of  F\  and  F2. 

A  vector  is  often  indicated  by  placing  a  dot  imder  its  symbol. 
For  example,  in  Figs.  9  (a)  and  9  (&) 

Fo  =  Fi  +  Fa 
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PiQ.  10. — Sum  of  tliree  vectors. 


shows  that  Fq  is  the  vector  sum  of  Fi  and  Ft  and  not  their  algebraic 

sum. 
When  more  than  two  vectors  are  added,  the  resultant  of  two  is 

first  found  and  this  resultant  is  combined  with  a  third  vector, 

etc.    This  is  illustrated  in  Fig.  10,  in  which  three  vectors  Fi,  Fj 

and  Fs  are  added. 

Fi  and  Fj  are  first  combined 
and  the  resultant  F'  is  found. 
F'  is  then  combined  \jdth  Fg, 
giving  Fo  as  the  sum  of  all 
three  vectors,  Fi,  Fj  and  Fa. 
That  is, 

Fo  =  Fi  +  F2  +  Fs 

F'  is  an  intermediate  vector 
and  therefore  does  not  appear  in  the  ultimate  result. 

8.  Ohm;  Volt. — If  a  resistance  of  one  ohm,  as  measured  with 
direct  current,  has  no  inductance  and  is  so  designed  that  alter- 
nating  current  in  flowing  through  it  does  not  produce  any 
secondary  effects,  such  as  eddy  currents  or  skin  effect,  it  offers 
a  resistance  of  one  ohm  to  alternating  current. 

When  an  alternating-current  ampere  flows  through  such  a 
resistance,  the  drop  across  its  terminals  is  equal  to  one  alternating- 
current  voU.  Hence,  the  relation  between  maximum  and  effective 
volts  is  the  same  as  the  relation  between  mxudmum  and  effective 
amperes.  For  a  sine  wave,  the  maximum  voltage  is  V^i  or 
1.414,  times  the  effective  voltage. 

9.  Phase  Relations. — ^The  current  and  voltage  in  the  ordinary 
alternating-current  system  have  the  same  fundamental  frequency 
under  normal  operating  conditions,  although  they  do  not  neces- 
sarily pass  through  their  corresponding  zero  values  at  the  same 
instant.  Figure  11  (a)  shows  two  sine- wave  currents,  one  having 
an  effective  value  of  8  and  the  other  of  12  amp.  Their  respective 
maximum  values  are  accordingly  %\/2  or  11.3  amp.  and  12  V^  or 
17.0  amp.  Both  currents  pass  through  zero,  increasing  posi- 
tively, at  the  same  instant  and  are  therefore  said  to  be  in  phase 
with  each  other. 

Figure  11  (&)  shows  two  sine-wave  currents  of  8  and  12  amp. 
respectively,  but  not  passing  through  zero  at  the  same  instant. 
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The  8-amp.  current  passes  through  aero,  increasing  positively, 
later  than  does  the  12-amp.  current.  It  must  be  remembered 
that  time  is  increasing  from  left  to  right.  If  the  12-amp.  cur- 
rent is  passing  through  its  zero  value  at  2.00  o'clock,  the  8-amp. 
current  is  passing  through  its  corresponding  zero  value  some 
time  later,  for  any  value  of  time  to  the  right  of  2.00  is  later  than 
2.00  o'clock.  Therefore,  the  8-amp.  current  lags  the  12-amp. 
current. 


'12  Amp. 


Fia.  11. — Phase  relations  of  alternating  currents. 

The  time  of  lag  shown  in  Fig.  11  (6)  corresponds  to  60®  and 
is  represented  by  the  angle  d.  Therefore,  the  8-amp.  current 
lags  the  12-amp.  current  by  an  angle  6  or  by  60**.  Or  the  12-amp. 
current  may  be  said  to  lead  the  8-amp.  current  by  an  angle  6  or 
by  60^ 

In  Fig.  11  (a)  the  two  currents  are  in  phase  with  each  other. 
In  Fig.  11  (&)  the  two  currents  have  a  phase  difference  oi  60**. 

These   phase   diflFerences  may  exist  between  currents  and 
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voltages,  between  two  or  more  voltages,  of  between  two  or  mote 
cmrents. 

OA.  Addition  of  durents. — Figure  12  shows  two  currents, 

having  effective  values  of  8  and  12  amp.  respectively,  uniting 

/.sUabp  t°  ^^^  ""  ^  common  wire.     II  these 

— ^        ,  two    currents    were    direct   currente, 

then    by    Kirchhoff's   first   law    (see 

Vol.  I,  page  77),  the  current  It  could 

have  only  two    possible    numerical 

Pio.  12— Alteni»tiDg  curroatB    values,  12  +  8  =  20  amp.  if  the  two 

meetiog  »t » junction.  ,      n  ■       .i.  ■        j-       •.• 

currents  now  m  the  same  direction 

and  12  —  8  =  4  amp.  if  they  flow  in  oppofdte  directions. 

If  the  two  currents,  Fig.  12,  are  alternating,  their  sum  It  niay 
be  equal  numerically  to  any  value  from  20  amp.  to  4  amp.,  de- 
pending on  the  phase  relation  existing  between  /i  and  It- 


> 


FiQ.  13. — AdditioD  of 


Figure  13  shows  these  two  currents  plotted  in  phase  with  each 
other.  Their  sum  Jj  is  found  by  adding  their  ordinates  at  each 
instant.    The  resulting  current  obtained  in  this  manner  will  be 
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a  sine  wave  and  will  have  a  maximum  value  of  28.3  amp.  corre- 
sponding to  an  effective  value  of  28.3/'\/2  =  20  amp.  That  is, 
when  two  currents  are  in  phase  their  sum  is  found  arithmetically* 
Figure  16  corresponds  to  the  condition  of  Fig.  11  (6),  where  the 
two  currents  differ  in  phase  by  60**.  Their  sum  is  foimd  in  the 
same  manner  as  in  Fig.  13  by  adding  the  two,  point  by  point, 
and  obtaining  the  resulting  current  /s.  The  resultant  h  will  not 
have  a  maximum  value  of  28.3  amp.,  as  it  did  when  the  currents 
were  in  phase,  but  its  maximum  value  will  be  less,  actually 
being  24.7  amp.    This  corresponds  to  an  effective  value  of  17.45 


Fig.  14. — Instantaneous  values  of  current  from  a  rotating  vector. 


amp.  for  the  simi  of  the  two,  rather  than  of  20  amp.  as  before. 
Therefore,  the  sum  of  any  number  of  aUernaiing  currents  depends 
upon  their  phase  relations  as  well  cw  upon  their  magnitudes. 

If  voltages  rather  than  currents  be  added,  it  will  be  found  that 
their  sum  depends  upon  their  phase  relations  as  well  as  upon  their 
magnitudes. 

10.  Vector  Representation  of  Alternating  Quantities. — It 
was  shown  in  Fig.  2  that  a  sine  wave  could  be  drawn  by  pro- 
jecting a  rotating  radius,  in  its  successive  positions,  to  meet  cor- 
responding equally-spaced  ordinates.  The  value  of  the  current 
or  voltage  may  be  found  at  any  instant  by  projecting  a  radius 
upon  a  vertical  line. 

This  is  illustrated  in  Fig.  14.  A  certain  current  has  a  maximum 
value  /'.  This  value  /'  is  laid  off  as  a  radius  and  this  radius 
rotates  at  a  speed  in  revolutions  per  second  equal  to  the  fre- 
quency of  the  current.    For  example,  if  the  current  /'  has  a 
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faequency  of  60  cycles,  the  radius  I'  must  make  60  complete 
revciutkmB  per  second,  in  a  counter-dockwise  direction.  Coun- 
ter-dockwise  rotation  has  been  adopted  intemationaUy  as  the 
positive  direction  of  rotation* 

When  the  radius  /'is  at  the  right-hand  horizontal  position,  the 
vafaie  of  the  current  is  zero.  When  /'has  advanced  30°,  the  pcxnt 
b  on  the  current-wave  has  been  reached.  The  value  of  the  cur- 
rent at  this  instant  is  ab^  or  what  is  the  same  thing,  the  current 
value  is  given  by  the  distance  aV^  the  projection  <rf  F  upon  the 
vertical  ads.  At  this  particular  instant,  the  distance  ab  =  aV  = 
r/2,  since  sin  30°  =  0.5. 


Fio.  15. — Ctment  waves  produced  l^  two  cuirent  vectors  di£fermg  in  phase  by 

60". 


Consider  two  currents,  /i  and  /j,  Fig.  15,  having  effective 
values  of  12.0  and  8.0  amp.  respectively.  The  current  /i,  whose 
fT^n.Tifniim  value  is  11.3  amp.,  lags  current  Ii,  whose  maximum 
value  is  17.0  amp.,  by  60**.  When  the  radius  /i  is  in  the  hori- 
zontal position,  the  value  of  /i  is  zero  at  this  instant.  At  this 
same  instant,  the  radius  1 2  will  not  have  reached  its  horizontal 
position,  the  value  of  the  eiurent  being  represented  by  cd,  Fig.  15. 
In  fact,  the  radius  It  does  not  reach  its  horizontal  or  zero  position 
until  /i  has  advanced  60®  beyond  the  horizontal.  Further,  the 
horizontal  distance  ce  is  60®,  the  same  as  the  phase  angle  between 
the  two  rotating  vectors. 

Therefore,  these  two  current-waves  can  be  constructed  in  their 
proper  phase  relation  by  means  of  two  rotating  vectors  having 
lengths  of  17.0  and  11.3  amp.,  having  equal  angular  velocities, 
and  differing  in  phase  by  60®,  Fig.  15. 
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11.  Vector  AddttiOQ  of  Sine  Waves. — Assume  that  it  is  desired 
to  add  the  two  currents  of  Fig.  15.  This  may  be  done  by  adding 
the  ordinatee  of  the  two  curves  at  each  point,  as  in  Fig.  16,  and 
plotting  a  new  curve,  I3.  This  new  curve  is  the  sum  of  the  two 
currents  whose  maximmn  values  are  17.0  and  11.3  amp.  and 
effective  values  12  and  8  amp.  respectively,  and  the  maximum 
value  of  this  resultant,  if  measured  accurately,  will  be  24.7  amp. 
This  corresponds  to  an  effective  value  of  17.45  amp.  Therefore, 
the  sum  of  two  sine-wave  alternating  currents,  having  effective 
values  of  12  and  8  amp.  respectively  and  differing  in  phase  by 
60°,  is  17.45  amp. 


Fio.  16.— RelBti 


bcbIbt  addition  of  ordinate*. 


If  the  rotating  vectors,  Fig.  16,  be  added  vectorially  by  com- 
pleting the  parallelogram,  a  third  vector  2j  results.  This  vector 
7t  will  be  found  to  have  a  length  of  24.7  amp.,  the  exact  value  of 
the  maximum  of  the  resultant  current  wave  as  just  found.  If  a 
wave  be  plotted  using  /,  as  the  rotating  vector,  projecting  as 
before,  it  will  coincide  with  la  as  obtained  by  the  addition  of  the 
ordinates  for  the  12-  and  8-amp.  waves.  The  angle  6  by  which 
the  radius  vector  /i  leads  I3  equals  the  angle  6  by  which  the 
current  wave  /i  leads  the  current  wave  la. 

Hence,  this  problem  can  be  solved  without  going  through  the 
somewhat  lengthy  process  of  plotting  the  waves  and  adding 
their  ordinates.  It  is  merely  necessary  to  lay  off  the  maximum 
values  of  the  waves  60°  apart  and  add  them  vectorially,  just  as 
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forces  axe  combined.    The  resulting  vector  will  be  the  maximum 
value  of  the  wave  obtained  by  adding  the  waves  of  /i  and  Jj. 

In  practice,  one  generally  has  to  do  with  effective  rather  than 
maximum  values.  K  the  effective  values  of  the  waves  be  added 
in  this  same  manner,  their  vector  simi  is  the  simi  of  the  two 


Fia.  17. — Vector  addition  of  currents,  using  effective  values. 

alternating  currents  in  effective  amperes.  This  is  illustrated  in 
Fig.  17,  where  the  12-  and  8-amp.  vectors  are  laid  off  60**  apart, 
the  12-amp.  vector  leading.  By  completing  the  parallelogram, 
the  resultant  current  Oc  is  obtained.  This  has  a  value  of  17.45 
amp.     Its  value  is  readily  found  as  follows: 

Project  ac  upon  06,  where  ac  =  S 
ab  =  ac  cos  60*»  =  4.00 
be  =  ac  sin  60^  =  7.45 

Oc  =  V(12  +  4.00)2  +  (7.45)2  =  17.45  amp.     Ans. 
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Fig.  18. — Vector  addition  of  two  equal  voltages  having  90®  phase  difference. 


The  angle  0  can  be  readily  determined. 

7.45 


tan  6  = 


12+4 
e  =25° 


=  0.466 


Example. — ^Each  of  two  alternator  coils  Oa  and  06,  Fig.  18  (a),  is  generating 
an  emf.  of  100  volts.    Th^s^  voltages  differ  in  phase  by  90°.    Deter- 
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mine  the  voltage  across  their  open  ends  if  they  are  connected  together  at 
O  as  shown. 

Let  Eao  and  Ec^  Fig.  18  (b),  represent  the  respective  voltages  across  coils 
aO  and  06.  Combining  these  two  vectorially,  the  voltage  E^b  is  obtained.  As 
Eao  and  Eo6  are  at  right  angles,  their  resultant  is  readily  found. 

Eat  =  \/^*  +  ^  =  VieO*  +  l<^  =  226  volts.     Ans, 

It  must  be  kept  constantly  in  mind  that  alternating  voltages  and 
currents  mu^t  be  combined  vectorially. 

The  only  occasions  when  arithmetical  addition  is  permissible 
are  when  the  voltages  or  the  currents  are  in  phase. 


chapter  ii 
alternahng-current  circuits 

12.  Attemating-ciurent  Power. — ^The  power  in  a  direct-current 
circuit  under  steady  conditions  is  always  given  by  the  product 
of  the  volts  across  the  circuit  and  the  current  in  amperes  flowing 
in  the  circuit.  This  same  rule  applies  to  altemating-ciurrent 
circuits,  provided  that  only  instantaneous  values  of  amperes  and 
volts  are  considered.  The  average  power,  however,  is  not  neces- 
sarily the  product  of  the  effective  volts  and  effective  amperes, 
the  values  which  are  ordinarily  measured  with  instruments. 


Pio.  19. — Power  curve;  current  and  voltage  in  phase. 

Figure  19  shows  a  voltage  wave  and  a  current  wave  in  phase 
with  each  other.  To  obtain  the  power  at  any  instant,  the  am- 
peres and  the  volts  at  that  instant  are  multiplied  together  and  a 
new  curve  P  may  be  plotted,  the  ordinates  being  the  instantane- 
ous products  of  E  and  7.  The  curve  P  then  gives  the  power  in 
the  cil'cuit  at  any  instant.  The  ordinates  of  this  power  curve 
will  always  be  positive  when  E  and  I  are  in  phase,  because  the 
voltage  and  the  current  are  both  positive  together  during  the 
first  half  cycle  and  are  both  negative  together  during  the  second 
half-cycle,  and  the  product  of  two  negative  quantities  is  positive. 
That  is,  the  current  and  the  voltage  act  in  conjunction  through- 
out  the  cycle  and  the  ordinates  of  the  power  curve  are  always 

positive. 
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It  will  be  noted  that  this  power  curve  is  a  sine  wave  having 
double  the  frequency  of  either  the  voltage  or  the  current.  For 
every  cycle  of  either  voltage  or  current,  the  power  wave  touches 
the  zero  axis  twice,  so  that  in  such  a  circuit  the  power  is  zero 
twice  during  each  cycle.  Since  the  peaks  of  the  voltage  and 
current  waves  occur  at  the  same  instant^  the  corresponding  peak 
of  the  power  curve  is 

(V2E)  {V2I)  =  2EI 

where  E  and  I  are  the  effective  values  of  voltage  and  current. 

This  power  curve  has  its  horizontal  axis  of  symmetry  at  a  dis- 
tance EI  above  the  zero  axis.  Consequently,  EI  must  be  the 
average  value  of  the  power,  since  the  upper  half  waves  will  just 
fill  the  shaded  valleys  below  the  axis  of  symmetry  of  the  power 
ciu^e.  When  the  current  and  the  voltage  are  in  phase  the  aver- 
age power  is  their  product,  as  with  direct  currents. 

Example. — An  incandescent-lamp  load  takes  30  amp.  from  115-Yolt, 
60-cycle  mains.  (In  this  type  of  load  the  current  and  voltage  are  sub- 
stantially in  phase.)     How  much  power  do  the  lamps  consume? 

P  z=  EI  «  115  X  30  =  3,460  watts.     Ana, 

Figure  20  shows  the  current  and  voltage  90**  out  of  phase,  or 
in  quadrature,  the  voltage  leading.  Let  it  be  required  to  deter- 
mine the  power  curve  .for  this 
condition.  At  points  a,  6,  c,  d 
and  e,  either  the  current  or  the 
voltage  is  zero,  and  the  power 
must  be  zero  at  each  of  these 
points.  Between  a  and  h  the 
voltage  is  positive  and  the  cur- 
rent is  negative,  and  they  are 
therefore  acting  in  opposition. 

The  product  of  a  positive  and  a  Fio.    20.— Power    curve;    current 

negative    quantity    is    negative.       and  voltage  in  quadrature,  current 

Hence    the      power      between 

points  a  and  h  must  be  negative.  This  means  that  the  circuit 
is  returning  power  to  the  source  of  supply.  Between  points  h  and 
c  both  the  current  and  the  voltage  are  positive  and  therefore 
the  power  between  these  two  points  must  be  positive.  Between 
c  and  d  the  current  is  positive,  but  the  voltage  is  now  negative. 
Therefore,  the  power  is  again  negative  between  these  two 
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points.     Between  d  and  e  both  the  current  and  the  voltage  are 
negative  and  the  power  now  becomes  positive. 

This  power  curve  is  a  sine  wave  having  double  the  frequency  of 
either  the  current  or  the  voltage.  Its  axis  of  symmetry  coincides 
with  the  axis  of  current  and  voltage.  There  must  be  as  much  of 
the  power  curve  above  the  zero  axis  as  there  is  below  that  axis,  or 
the  positive  power  above  the  axis  must  be  equal  to  the  negative 
power  below  the  axis.  That  is,  all  the  positive  power  received 
from  the  source  is  returned  to  the  source  of  supply.    Therefore, 

the  net  power  is  zero. 
When  current  and  volt- 
age differ  in  phase  by 
90**,  or  are  in  quadrature, 
the  average  power  is 
zero.  K  the  ciurent 
leads  the  voltage  by  90**, 
the  average  power  is 
zerOf  as  is  shown  later  in 
Fig.  30,  page  31. 

If  ciurent  and  voltage 
are  out  of  phase  by  an 
angle  less  than  90°,  but  greater  thanO®,  the  resulting  power 
curve  P  is  that  indicated  in  Fig.  21.  At  points  a,  &,  c,  d  and  c, 
either  the  voltage  or  the  current  is  zero  and  the  power  is  zero 
at  each  of  these  points.  Between  a  and  6,  and  between  c  and 
d,  the  current  and  voltage  are  in  opposition,  and  the  power  is 
negative.  Between  b  and  c,  and  between  d  and  e,  they  are  in 
conjunction,  and  the  power  is  positive.  It  will  be  noted  that 
there  is  more  positive  power  than  negative  power.  The  average 
power  is  not  zero,  but  is  positive,  and  is  less  than  the  product 
of  E  and  /.     It  will  be  shown  later  that  this  power 

P  =  EI  cos  e  (5) 

where  d  is  the  phase  angle  between  voltage  and  current.     Cos  6 
is  called  the  power-factor  of  the  circuit.    P  is  the  tme  watts  and 
EI  the  apparent  waitSy  or  voUramperes. 
The  power-factor 

^  ^  _  true  watts  P  ,_. 

P.  F.   =  cos  0  =  7 TT    =  wt  (6) 

apparent  watts       EI  ^  ' 

The  power-factor  can  never  be  greater  than  unity. 


Pig.  21. — Power  curve;  current  and  voltage 
out  of  phase  by  angle  d. 
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13.  Circuit  Containing  Resistance  Only. — Figure  22  shows  an 
alternating-current  circuit  containing  resistance  only.  A  poten- 
tial difference  of  E  volts  is  impressed  across  the  resistance  fi. 
In  virtue  of  this  voltage  a  current  having  the  equation  i  =  I^at 
sin  o)t  flows,  where  « is  the  angular  velocity  of  the  rotating  vector 
in  radians  per  second.  (See  page  1 1 ,  par.  6,  equation  (3) .)  As  one 
revolution  of  the  rotating  vector  corresponds 
to  2ir  radians,  the  vector  must  complete  2ir/ 
radians  per  second,  where  /  is  the  frequency. 
Hence  «  =  2'jrf.  (For  60  cycles,  w  =  377; 
for  25  cycles,  w  =  157.) 

From    the    definition    of    an    altemating- 
ciurent  volt  (Par.  8), 

e  =  Ri  =  RImax  sin  o}L 

The  current  and  the  voltage  are  in  phase. 

They  have  the  same  frequency  and  when  t  = 

0,  sin  u)t  =  0,  and  both  the  current  and  voltage  waves  are 

crossing  the  zero  axis  simultaneously  and  increasing  positively, 

as  shown  in  Fig.  23  (a). 

If  effective  values  are  used,  E  =  IR.    Figure  23  (&)  shows  the 
vector  diagram  for  this  circuit,  using  effective  values.    The  IR 


FiQ.  22. — Circuit 
containing  resistance 
only. 


■*'E  =  JR 


Fig.  23. — Current  and  voltage  waves  in  phase,  and  vector  diagram. 


drop  is  in  phase  with  the  current  I  and  is  equal  to  the  voltage  Ey 
since  no  other  voltage  exists  in  the  circuit. 

As  the  current  and  the  voltage  are  in  phase,  the  power 

P  =  EI  (7) 

as  is  shown  in  Fig.  19.     Also 

P  ==  PR 
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It  win  be  observed  that  with  resstance  only,  the  aiteznatiii^ 
eurrent  drcuit  follows  the  same  lawa  aa  the  cfirect-earreiit  drcixit> 
in  reffird  to  the  relation  fTiHtiTig  among  voltage,  current, 
renstanee  and  power. 

14r  Gmuit  Coiifjuuiig  Tiiflncfamcg  OBlf. — ^It  waa  ribown  in 
Vol.  I,  Chap.  VIII,  that  mdnctance  always  apposes  any  dbntft 
in  the  eurrent  flowing  in  a  cimdt.  ¥ar  example,  vriien  the  cur- 
rent starta  to  increase  in  an  indnctive  cxrcmty  the  electramotiTe 
foree  of  self-induction  opposes  this  increase.  Th^  js  iHaBtrated 
in  Fif]^.  24  (a),  which  shows  the  rise  of  current  in  a  direct-carrent 
circuit  containing  resistance  and  inductance,  when  a  steady  volt- 
age is  impressed.     The  current  rws  dowiy  to  its  ohimate  vahie. 


Fft».  24.— 


of  eorrent  in  ftn  indaetiTe  cxreuH. 


On  the  other  hand,  when  the  current  attempts  to  decrease  in 
the  circuit,  the  inductance  tends  to  prevent  this  decrease,  as  is 
sh<>wn  in  Fig.  24  (6).  In  other  words,  if  inductance  is  present  in 
a  circuit,  it  always  opposes  any  change  in  the  current.  With  a 
gteady  direct  current,  however,  the  inductance  has  no  efiFect. 

If  in  Fig,  24  (a)  the  voltage  across  the  inductance  be  lowered 
when  the  current  reaches  point  a,  the  current  will  not  reach  its 
Ohm's  law  value.  This  same  effect  occurs  in  alternating-cur- 
rent circuits.  With  inductance  in  the  circuit,  the  current  does 
not  have  time  to  reach  its  Ohm's  law  value  before  the  voltage  be- 
gins to  (lecTease  either  positively  or  negatively.  The  current  change 

is  opposed  by  the  electromotive  force  of  self-induction,  which  at 

di 
Any  instant  is  (u\\m\  to  ""i'^z  where  L  is  the  inductance  inhemys 

fit 

and   ..  is  the  TaU^  in  amperes  per  second  at  which  the  ciurent  is 

changing  at  that  instant.     The  minus  sign  signifies  that  this 
voltage  is  opposing  the  change  in  the  current. 
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Figure  26  shows  a  current  wave  7.  Starting  at  (a)  the  current 
is  changing  at  its  maximum  rate  in  a  positive  direction.  There- 
fore, at  this  instant  the  electromotive  force  of  self-induction  must 
be  at  its  negative  maximum  value.  At  point  6,  the  top  of  the 
ciurent  wave  is  horizontal  and,  therefore,  at  this  instant  the 
current  is  not  changing  at  all.  Hence  the  electromotive  force  of 
self-induction  is  zero.  At  c  the  ciurent  is  changing  at  its  maxi- 
mum rate  negatively  and  the  electromotive  force  of  self-induction 
must  be  maximum  positive,  because  of  the  negative  sign  in  the 

^-(Eine  Yoltase 


Emf.of  Self. 
Induotion 

Fig.  25. — Current  and  voltages  existing  in  an  alternating-current  circuit  con- 
taining inductance  only. 

formula.  Continuing  in  this  way  the  voltage  curve  a^b^c'  is 
obtained.  It  will  be  observed  that  this  wave  is  a  sine  wave  and 
is  lagging  the  current  by  90°. 

This  is  the  only  voltage  in  the  circuit  which  opposes  the  change 
of  ciurent.  It  corresponds  to  the  back  electromotive  force  of  a 
motor.  The  line,  in  the  case  of  the  motor,  must  supply  a  voltage 
opposite  and  equal  to  the  back  electromotive  force  before  any 
current  can  flow  into  the  armature.  This  same  condition  exists 
in  the  alternating-current  circuit.  Before  any  current  can  flow 
into  a  circuit  containing  inductance,  but  no  resistance,  a  voltage 
opposite  and  equal  to  the  electromotive  force  of  self-induction 
must  be  supplied  by  the  line. 

Therefore,  in  Fig.  25  the  voltage  E^  which  is  the  line  voltage, 
is  opposite  and  equal  to  the  electromotive  force  of  self-induction. 

It  will  be  noted  that  the  impressed  voltage  leads  the  current  by 
90°,  or  the  current  lags  this  voltage  by  90°.  With  inductance 
only  in  the  circuit,  the  current  lags  the  impressed  voltage  by  90°. 
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(In  pnciice  it  n  imposEiUe  to  obtain  a  pure  inductanoe,  as 
inductance  must  neoeaearily  be  accompanied  bj  a  certain  amount 
of  resistance.) 

The  above  may  abo  be  proved  as  folloirg:  Let  the  current  be 
given  by  t  =^  I^^g  sin  uL    The  emf.  of  adf-induction 

e'  =  — L  -^  =  —Lbel^^g  cos  «C 

=  L(»/«„  sin   (arf  -  9(n 

is  a  sine  wave  lagging  90^  with  respect  to  I  mm*  sin  «!. 
The  equation  <rf  the  line  vdtagie  which  balances  this  emf., 

e  =  ImI^^  sin  (arf  +  OCT) 

is  a  sine  wave  leading  the  current  /»ox  sin  (^  by  90^. 

The  choking  effect  of  inductance  is  obviously  proportional  to 
tho  frequency  and  to  the  inductance.  To  express  this  choking 
effect  in  ohms,  the  self -inductance  in  henries  must  be  multiplied 
by  (a  —  2wf  =»  6.28/,  where  /  is  the  circuit  frequency. 


/*? 


L-^:ia 


/Xi 


■^i 


Fia.  26«— <]l{rcait  oontaininfi: 
iiiductflnco  ooly. 


Fig.  27. — ^Vector  diagram  for  circoit 
containing  inductance  only. 


That  IH,  2^L  is  the  resistance  to  the  flow  of  current  offered  by 
IndiK^Uiuif)  and  is  called  the  inductive  reactance  of  the  circuit. 
11^  Ih  (1iu)o1/(u1  by  Xi^  and  is  expressed  in  ohms. 

TIhi  (UirroJit  in  a  circuit  having  inductive  reactance  only  is 

I  -  E/2iiL  =  E/Xl  (8) 

TIim  linpnmHod  voltage  is 

E  -  27rfL/  =  IX L  (9) 

t^Himjih,  l''lKUt'o  20  Mh(»wH  a  pure  inductance  of  0.2  henry  connected 
MOMiBW  IIO-Vi»h,  (M)«ny<'lt^  irminM.     What  current  flows? 

A'  /,  -  2ft  00  X  0.2  -  377  X  0.2  =  75.4  ohms 
/  -  110/75.4  -  1.46  amp.     Ans, 

M)j[Uit^  U7  hIuuvh  a  voctor  diagram  for  an  inductive  circuit 
(h  whioU  U»o  iiupiHrnnod  voltage  loads  the  current  by  90°, 
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16.  Circuit  Containing  Capacitance  Only. — When  a  direct- 
current  voltage  is  impressed  across  the  plates  of  a  condenser, 
(Vol.  I,  Chap.  IX)  there  is  an  initial  rush  of  current  which  charges 
the  condenser  to  line  potential.  After  this  there  is  no  further 
flow  of  current  if  the  Une  voltage  remains  constant.  If  the  con- 
denser plates  now  are  short-circuited,  making  the  voltage  across 
the  plates  zero,  current  flows  out  of  the  condenser. 

Figure  28(a)  shows  an  alternating  voltage  E  impressed  across 
the  plates  of  a  condenser  C  When  the  voltage  starts  from  its  zero 
value  at  a,  Fig.  28(6),  and  increases  positively,  current  flows  into 


Fig.  28. — Circuit  containing  capacitance  only. 


the  condenser.  Therefore,  this  current  is  positive.  As  long  as 
the  voltage  across  the  condenser  plates  continues  to  increase, 
current  must  flow  into  the  condenser  from  the  positive  wire  and 
this  current  will  be  positive  in  sign.  When  point  b  is  reached, 
the  increase  of  voltage  ceases  and  the  ciurent  becomes  zero. 
Between  6  and  c  the  voltage  is  decreasing  so  that  current  is 
flowing  ovi  of  the  condenser  into  the  positive  line,  and  as  the 
current  flow  has  reversed,  the  sign  of  the  current  is  now  negative. 
After  E  passes  through  zero  at  c,  the  emf .  is  negative  and  charges 
the  condenser  in  the  opposite  direction,  so  the  current  still 
remains  negative.  This  continues  until  the  voltage  reaches  its 
negative  maximum.  At  this  point  the  current  reverses  and 
again  becomes  positive. 

An  examination  of  Fig.  28  shows  that  when  an  alternating 
voltage  is  impressed  across  a  condenwr,  the  current  into  the  con- 
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dBsussr  kadi  the  vofeag^  by  90^.    This  m  ahntasted  fay  1%.  », 
in  wfaidi  the  n^ttioiL  is  aiiowii  veefccffially. 

It  win  he  seen  from  the  foreffmig  that  altauaJlaag,  eurnait  does 
not  aetaallj  flow  eondoctivelj  thiQagh  the  insaiatiQa  of  the  coat- 
denser,  A  perfect  condenser  offios  aa  inftaute  rmstana  to  aheF- 
natinii,  as  well  as  to  direct  cnrmit.  Howevi^,  with  ahKmatins 
current  the  condenser  m  ahemately  charged  and  disefaarged,  ao 
^^  that  a  quaatitj  of  electricity  Aeiws  into  the 
pofitive  plate,  and  then,  oat  again,  etc.  It  is 
th»  quantity  of  electricity  which  ffows  to  charge 
and  to  diacharg&  the  condoiser  which  constitates 
the  alternating  eixm»it.  An  ammeter  placed  in 
the  fine  to  soch  a  condense  indicates  a  carrmt. 
^     ^__^  It  k  dear  that  thk  current  j&  prop<»rtiaiiaI  to 

Smfgnaa  ^rdrmiit  the  frequency,  for  the  more  rapkSy  the  Tohage 
u^t^  ''***^'  alternates,  the  greatM^  the  quantity  of  cieetrkity 

charged  and  discharged  per  second,  and  tihere- 
fore  the  greater  the  Sow  of  current.    This  current  is  also  {propor- 
tional to  the  capacitance,  C,  and  to  the  v(^tage  E, 
The  actual  vahie  of  the  current  in  amp^es  is  given  by 

/  =  2TfCE  (10) 

where  C  w  in  farads. 

This  equation  may  also  be  written 

1        Xc  (11) 

2wfC 

Xc  is  calfed  the  amdermve  or  eapadtive  readanee  oi  the  drciiit 
in  ohms  and  is  equal  to  1/(2j/C). 
Also 

Example, — What  is  the  eondensiye  reaetaoee  of  a  lO-mierofand  eondenaer 
at  00  cycles  per  seeofnd  and  how  much  current  will  it  take  from  110-Ycdt« 
60-cycle  maiDfl? 

10  ml.  »  0.00001  farad. 
^  1  100,000       ^j,    ,  . 

^^  '  2^-X  OOOOOi  '     2x60"  *  ^  ^^"^     ^"^^ 

J  «  ^i^  =  0.415   amp.     Ant, 

Job 
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The  relations  of  current  and  voltage  in  a  condenser  circuit  may 
also  be  proved  as  follows: 

Let  e  be  the  instantaneous  voltage  across  the  condenser,  C  the 

capacitance   in  farads,  and  q  the  charge  in  coulombs  at  any 

instant. 

Let  i  =  I  max  sin  o)t  be  the  equation  of  the  current. 


'-i 


-  /  •*  -f'- 

a  I  max   i      . 

c       c  J 


sin  (jjtdi 


I 


sin  o)tdt  =  -^ 


;<a 


(—cos  0)t) 


max     • 


0) 


sin  {(at  -  90'') 


This  equation  shows  that  the  sine  wave  of  voltage  lags  the 
ciurent  wave  by  90°. 

The  aoerage  power  in  a  circuit  containing  capacitance  only  is  zero. 


Fig.  30. — Voltage,  current,  and  power  curves;  circuit  containing  capacitance 

only. 

This  may  be  shown  by  plotting  the  power  curve  from  the  cur- 
rent and  voltage  curves,  as  was  done  in  Fig.  20.  This  is  shown 
in  Fig.  30,  where  P  is  the  curve  of  power.  There  is  as  much  of 
the  power  curve  below  as  above  the  zero  axis,  so  that  the  net 
power  is  zero^  as  in  a  circuit  with  pure  inductance  only.  When 
the  power  curve  is  positive,  energy  is  being  delivered  to  the 
circuit  and  stored  in  the  condenser;  when  the  power  curve  is 
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negative,  this  energy  is  being  given  back  again  to  the  source. 

Although  the  net  power  is  zero,  there  is  a  continual  transfer  of 

energy  from  the  source  to  the  condenser  and  back  again  to  the 

source. 
16.  Circuit  Containing  Resistance  and  Inductance  in  Series. — 

Figure  31  shows  a  circuit  consisting  of  a  resistance  R  and  an 

inductive  reactance  Xl  connected  in  series 
across  an  alternating  circuit  whose  frequency 
is  /  cycles  per  second.  The  voltage  impressed 
across  the  circuit  is  E  and  a  current  I  flows. 
^^^«jr/L  Le^  j^  jjg  required  to  determine  the  relations 

Fig.    31.— Circuit   among  7,  E,  R,  and  Xl. 
containing  resistance       Figure  32  (a)  shows  a  vector  diagram  for 

and     inductance     in     .1.       ...         a      .1  x   t  •     xi_ 

geries.  *'"is  cu-cuit.    As  the  current  I  is  the  same  m 

both  Xl  and  R,  it  is  laid  off  horizontally  to 
scale.  The  position  of  the  current  vector  I  is  arbitrary.  (It 
is  given  the  position  shown  merely  for  convenience.)  From  Fig. 
23  (6),  page  26,  the  voltage  Er  across  the  resistance  R  is  in  phase 
with  the  current.  Therefore,  it  is  laid  off  along  the  current  vector. 
From  Fig.  27,  page  28,  the  voltage  El  across  the  inductance 
Uads  the  current  I  by  90°  and  is  equal  to  IXl* 


\ 


Fia,  33, — Vector  diagram  for  a  series  circuit  containing  resistance  and 

inductance. 

The  line  voltage  E  must  be  the  vector  sum  of  these  two  volt* 
ages,  so  the  parallelogram  is  completed  and  the  diagonal  is  the 
voltage  E.  The  same  result  is  obtained  if  IXl  is  laid  off  per- 
pendicular to  /  at  the  end  of  the  vector  IR,  using  a  triangle 
rather  than  a  parallelogram,  as  shown  in  Fig.  32  (6). 

As  a  right  triangle  is  formed  by  these  three  voltages,  the 

hypotenuse 

E  =  \/{IRY  +  (/XO^        ^ 

=  y/PiR^+XL")  =  /  Vi2*  +  Xl^ 
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and 

/  =         ^         =  ^  =  ^  (13) 

VR*  +  Xl^       VR'  +  (2x/L)»       Z  ^     ^ 

Z  =  \//?2  +  Xl^  is  the  impedance  of  the  circuit  and  is  ex- 
pressed in  ohms.  It  is  ordinarily  denoted  by  Z.  Equation 
(13)  corresponds  to  Ohm's  law  for  the  direct-current  circuit. 
The  current  in  an  alternating-current  circuit  is  directly  propor- 
tional to  the  voltage  across  the  circuit  and  inversely  proportional 
to  the  impedance  of  the  circuit.  That  is,  if  the  voltage  in  volts 
be  divided  by  the  impedance  in  ohms,  the  value  of  the  current  in 
amperes  is  obtained. 
Also  the  voltage 

E  =  IZ.  (14) 

An  inspection  of  Fig.  32  shows  that  the  angle  6  by  which  the 
ciurent  lags  the  voltage  may  be  determined  as  follows: 

tan(?  =  -^=-^=-^  (15) 

IR  R  R  (16) 

cos  B  =     ,  =  —j==.  =  -^ 

Example. — ^A  circuit  containing  0.1  henry  inductance  and  20  ohms  resis- 
tance in  series  is  connected  across  100-volt,  25-cycle  mains,  (a)  What  is 
the  impedance  of  the  circuit?  (b)  What  current  flows?  (c)  What  is  the 
voltage  across  the  resistance?  (d)  What  is  the  voltage  across  the  induc- 
tance? (c)  Determine  the  angle  by  which  the  voltage  leads  the  current. 
Xl  =  2x25  X  0.1  =  157  X  0.1  =  15.7  ohms. 

(a)     Z  =  V(20)2  -h  (15.7)2  =  \/646  =  25.4  ohms.     Am. 

(h)      I  Bi  -j^  =z  -— -  =s  3.94  amp.      Ans. 

It        JO.4 

(c)  Er  ^  IR  ^  3.94  X  20  ='  78.8  volts.     Ana, 

(d)  El  =  IXl  =  3.94  X  15.7  =  61.8  volts.     Ans. 

As  a  check  V(78.8)2  +  (61.8)*  =  100  volts. 

(6)  tan  <?  -  ^  -  ^  =  0.785. 

From  page  460,      ^  =  38.1°.  Ans. 

17.  Power. — It  has  already  been  shown  that  a  pure  inductance 
consumes  no  power.  Therefore,  the  inductance  of  Fig.  31  con- 
sumes no  power.  All  the  power  expended  in  the  circuit  must  be 
accounted  for  in  the  resistance.     That  is 

p  =  /2ii  =  /(7/e) 

IR  is  obviously  equal  to  E  cos  $  (Fig.  32) . 
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Therefore,  the  power 

P  «  /(/«)  ^  IE  CM  B^  EI  cm  9 

As  has  abeady  been  shown,  cos  B  is  the  power-fadar  ot  the 

circuit  and  is  equal  to  the  true  power  divided  by  the  vc^-amperes 

or  apparent  power. 

p 

P  F  =  — 
^•'-      EI 

Obviously  the  power-factor  can  never  exceed  1.0.    It  is  usually 

less  than  1.0. 

Example. — How  much  power  is  eofosamed  in  the  foregoing  eiicmt  and 
what  ifl  the  power-lactor? 
p  ^PR^  (3.d4)«  X  20  «  310  watt8.    Ant. 

P-^-f7-10olT94-«-7«^-    An.. 
A19OCO00  -  P.F.  =  f  =  ^  =  0.787.    Aru. 

18.  Circuit  Containing  Resistance  and  Capacitance  in  Series. 

Figure  33  shows  a  circuit  containing  a  resistance  R  and  a  con- 


y&^-i-xc* 


Fio.  33. — Circuit  containing  Fio.    34. — Vector    diagram    for   circuit 

resistance   and  capacitance  in        containing  resistance  and  capacitance  in 
series.  series. 

densive  reactance  Xc  in  series.  An  alternating  voltage  Ey  of 
frequency/  cycles  per  second,  is  impressed  across  this  circuit  and 
a  current  /  flows.  Let  it  be  required  to  determine  the  relation 
existing  among  E,  /,  R  and  Xc. 

The  current  /  is  the  same  in  both  R  and  Xc  and  is  laid  ofiF 
horizontal  in  the  vector  diagram,  Fig.  34.  The  voltage  Eb 
across  the  resistance  is  in  phase  with  the  current.  The  voltage 
Ec  across  the  condensive  reactance  lags  the  current  /  by  90** 
(see  Fig.  29),  page  30.  The  line  voltage  E  is  obviously  the  vector 
sum  of  IR  and  IX  c  and  is  therefore  the  hypotenuse  of  the  right 
triangle  having  these  two  voltages  as  sides.     Obviously 

E  =V(/i2)^+  ilXcY  =  /  y/R^  +  Xc^  =  IZ         (17) 
where  Z  is  the  impedance  of  the  circuit. 
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Solving  the  above  for  the  current  /, 

E  E  E 

/=,-=,         ^  =^  (18) 


^'^^'  J^^T^ 


Z 


■fC. 

The  power  taken  by  the  circuit  is  obviously 

P  =  I^R  ^  I(IR) 

as  the  net  power  taken  by  the  condenser  is  zero. 

IR  ^  E  cos  e 

Therefore  P  =  EI  cos  $,  which  is  the  same  expression  for 
power  as  with  inductance  and  resistance  in  circuit. 
The  angle  $  may  be  determined  as  follows: 

COS  0   =  :    =        .  =   ^  =  P.  F. 


C  must  be  expressed  in  farads. 


Example. — ^A  capacitance  of  20  microfarads  and  a  resistance  of  100  ohms 
are  connected  in  series  across  120-volt,  60-cycle  mains.  Determine:  (o) 
The  impedance  of  the  circuit.  (5)  The  current  flowing  in  the  circuit,  (c) 
The  voltage  across  the  resistance,  {d)  The  voltage  across  the  capacitance, 
(c)  The  angle  between  the  voltage  and  the  current.  (/)  The  power,  (jg) 
The  power-factor  of  the  circuit. 

20  mf .  =  0.000020  farads. 

^"^  '^  2ir60  X  0.000020  "  ^^^  ''^'^^' 

(a)     Z  =  V(IOO)*  +  (133)«  =  \/27,700  =  166  ohms.    Ana. 

120 
(6)      /  =  YfiA  "*  0.723  amp.     Arts. 

(c)  Er  =  IR  -=^  0.723  X  100  =  72.3  volts.     Ana. 

(d)  Ec  =  IXc  =  0.723  X  133  =  96.2  volts.     Ana. 

\/(72.3)2  -h  (96.2)2  =  120  volts  {check). 

9  =  53.  l^     Ana. 
(/)      P  ^  PR  ^  (0.723)*  X  100  =  52.2  watts.     Ana. 

(g)    cos  d  =  I  =  i5^  =  0.602.     Arw. 
>&       loo 

p  '^2  2 

^P-^-  =  M  =  120  X  0.723  =  ««^  (cA^cfc). 
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19.  Circiiit  (^ootaiiiiiig  Resistance,  Inductance  and  Capaci- 
tance in  Series. — Figure  35  shows  a  resistance  R,  an  inductive 

reactance  Xl  and  a  condenaive  reactance  Xc,  all  connected  in 

series.    The  voltage  across  the  circuit  is  E  volts,  the  frequency 

is  f  cycles  per  second  and  the  current 
is  I  amp. 

As  this  is  a  series  circuit,  the  current 
is  the  same  in  all  parts  of  the  circuit 
and  for  convenience  the  current  vector 
/  is  laid  off  horizontal  in  the  circuit 
vector  diagram,  Fig.  36.  The  vdtage 
Er  {=-  IK)  across  the  resistance  is  in 
phfise  with  the  current  and  is  laid  off 
to  scale  along  the  current  vector. 
Fio.  35.— Circuit  containing   The  voltage  El  {=  IX l)  across  the 

S'urin°«nt°'*  "^  ^'   inductance  is  laid  off  at  right  angles 

to    the    current    and    leading.     The 

voltage  Ec  {—  IX c)  across  the  condenser  is  laid  off  at  right 

angles  to  the  current  and  lagging. 

An  examination  of  Fig.  36  shows  that  the  voltage  across  the 

inductance  and  that  across  the  capacitance  are  in  opposition, 

so  that  the  resultant  voltage  of 

these  two  is  their  arithmetical 

difference.      In  this  particular 

case,    IXl    is   shown    as  being   ^ 

greater  than  IX  c     Therefore, 

IX  c  is  subtracted  directly  from 

IXl>    The  line  voltage  must  be 

the    vector   sum    of   the   three 

voltages  and  is  the  hypotenuse 

of  a  right  triangle  of  which  IR  and  (JXl  —  IX c)  are  the  other 

sides.     Therefore 


j= 


VjbH(X£-Xc)* 


Fio.  36. — Vector  diagram  for  cir- 
cuit containing  resistance,  inductance 
and  capacitance,  all  in  series. 


E  -  ly/R^  +  {Xl  -  XcY 


(20) 


Solving  for  / 


I  = 


E 


E 


VR'  +  (Xl  -  XcY      Z 


(21) 
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which  is  the  equation  for  the  series  alternating-current  circuit 
in  the  steady  state. 

The  value  of  Xl  and  Xc  may  be  substituted  in  equation 
(21).    It  then  becomes 

I  = ^  (22) 


^R^+{i2.fL-'y 


2t/C. 
The  phase  angle  6  is  found  as  follows: 

tan  0  =  ^^^-^  (23) 

If  Xl  is  greater  than  Xc,  the  tangent  is  positive  and  6  is 
positive,  as  shown  in  Fig.  36.  This  indicates  a  lagging  current. 
If  Xc  is  greater  than  X^,  the  tangent  becomes  negative  and  the 
angle  $  becomes  negative.     This  indicates  a  leading  current. 

The  power-factor  of  the  circuit 

P.F.  =  cos^  =  — ^ -^  =^  (24) 

VR'  +  (Xl  -  Xcy      Z  ^    ^ 

Example. — ^A  series  circuit  consisting  of  a  resistance  of  50  ohms,  a  capaci- 
tance of  25  mf.  and  an  inductance  of  0.15  henry  is  connected  across  120- 
volt,  60-cycle  mains. 

Find:  (a)  The  impedance  of  the  circuit.  (6)  The  current  in  the  circuit, 
(c)  The  voltage  across  the  resistance,  {d)  The  voltage  across  the  induc- 
tance (e)  The  voltage  across  the  capacitance.  (/)  The  power  taken  by  the 
circuit,  {g)  The  phase  angle  of  the  circuit,  (h)  The  power-factor  of  the 
circuit. 

Xl  =  2ir60  X  0.15  =  377  X  0.15  =  56.6  ohms. 

^^  =  2t60  X  0.000025  ^  ^^  ''^'^' 

(o)  Z  =  V(50)2  +  (56.6-106)«  =  \/(50)«  +  (- 49.4)«  =  70.2 ohms.    Ana. 

,^,       ,        120       ,  ^, 

(o)      /  ==  =^7-rt  =  1.71  amp.     Ans. 

(c)  Er  =  IR  =  1.71  X  50  =  85.5  volts.     Ans. 
id)  El  =  /Xz,=  1.71  X  56.6  =  96.8  volts.     Ans. 

(e)  Ec  =  IXc  =  1.71  X  106  =  181.1    volts.     Ans. 

(f)  P  =  PR  ^  (1.71)«  X  50  =  146  watts.     Ans. 

,  ,   ,       ^       Xl  -Xc      56.6  -  106       -49.4  ^  ^^ 

{g)  tan  6  = ^ ^ =  -^  =  -0.988. 

e  =  —44.6°.     Therefore  the  current  leads.     Ans. 

R  50 

(h)  cos  6  =     ,  =  =7^75  =  0.712.    Arw. 

^  V/?«  +  (Xl  -  XqY  r   70.2.. 
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-^^£- 96.8  V. 


Er  -  85^  V. 


£r^-96.8  V 


-^i -1.71  a 


Figure  37  gives  the  vector  diagram  for  the  circuit  conditions 

represented  by  this  problem. 

It  will  be  observed  that  the  voltage  across  the  condenser 

exceeds  the  line  voltage  by  a  considerable  amount.    This  would 

be  impossible  under  like  con- 
ditions in  a  direct-current 
circuit,  for  the  voltage  across 
any  part  of  the  circuit  cannot 
exceed  the  line  voltage.  This 
condition  can  exist  in  an 
alternating-current  circuit,  be- 
cause the  condenser  voltage 
and  the  inductance  voltage 
are  in  direct  opposition. 
Both  may  be  large,  provided 
their  difference  is  less  than 
the  line  voltage. 

20.  Resonance  in  a  Series 
Circuit. — The  general  equa- 
tion (22)  for  the  current  in  a 
series  circuit  shows  that  for 
fixed  values  of  resistance  and 


Eo' IB1.1Y, 


"    w 


Fig.  37. — Vector  diagram  for  series 
circuit,  giving  numerical  values. 


impressed  voltage  the  current  is  a  maximum  when  the  expression 
in  the  parenthesis  under  the  square  root  sign  is  equal  to  zero. 
That  is,  in  the  equation 

7=  ^ 


the  current  is  a  maximum  when 

and  then  becomes 

I 


E 


its  Ohm's  law  value. 
Under  these  conditions 


and 


y/R*  -h  (0) 


E 
R 


2'KJL  = 


27r/L/  = 


2t/C 

1 

27r/C 


(26) 
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That  is,  the  voltage  across  the  inductance  is  equal  to  the 
voltage  across  the  capacitance.  As  these  two  voltages  are  in 
exact  opposition,  they  balance  each  other,  so  that  the  IR  drop  is 
equal  to  the  line  voltage.     This  is  illustrated  in  Fig.  38. 

When  the  foregoing  conditions  exist,  the  circuit  is  said  to  be  in 
resonance.  The  current  is  then  in  phase  with  the  line  voltage 
and  the  power  P  =  EI, 

Solving  equation  (26)  for  the  frequency 


2ir/L  - 


2irfC 
f 


=  0 


It^/LC 


(26) 


812  V. 


2ir/L« 


2ir/C 


£?- 


-►-J-6.0a 


This  is  the  frequency  for  which  a  circuit  having  fixed  values  of 
L  and  C  will  be  in  resonance.  It  is  sometimes  called  the  natural 
frequency  of  the  circuit,  because  it  is 
the  frequency  at  which  the  current  in 
the  circuit  will  oscillate,  if  no  external 
frequency  is  impressed  on  the  circuit, 
provided  the  resistance  R  is  less  than 
\/4L/C.  For  example,  in  a  radio 
circuit  a  condenser  C,  charged  to  a 
high  voltage,  is  discharged  into  an 
inductance  L,  of  negligible  resistance.  iR^mi, 
The  frequency  of  the  resulting 
oscillations  as  determined  by  the 
values  of  L  and  C,  is  given  in  equa- 
tion (26). 

As  the  voltage  across  the  inductance 
equals  the  voltage  across  the  capaci- 
tance, when  the  circuit  is  in  reso- 
nance, and  the  two  are  in  opposition, 
each  may  reach  a  high  value,  even 

with  moderate  line  voltage.     This  is  illustrated  by  the  follow- 
ing example. 

Example, — ^A  circuit  has  a  resistance  of  20  ohms,  an  inductance  of  0.3 
henry,  and  a  capacitance  of  20  mf .  (a)  For  what  value  of  the  frequency  will 
the  circuit  be  in  resonance?  (5)  If  the  current  is  5  amp.  find  the  line  voltage, 
(c)  The  voltage  across  the  inductance,     (d)  The  voltage  across  the  capaci- 


2ir/C=5 
612  V. 


Fig.  38. — Vector  diagram  for 
series  circuit  in  resonance. 
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tance.     (e)  The  power  consumed  by  the  circuit.     Draw  a  vector  diagram  for 
the  circuit. 

1 


W     f 


2x  V0.3  X  0.000020 


=  65  cycles.     Ana. 


ih)  E    *  7/2  -  6  X  20  =  100  volts.     Ana. 

c)   El  -  2»/L/  -  6.28  X  66  X  0.3  X  6  "  612  volts.     Am. 

Id)  Ec  -  l/(2TfC)  =  612  volts.     Ana. 

[e)  P    -  ^7  =  100  X  6  -  600  watts.     Ana. 

The  vector  diagram  is  shown  in  Fig.  38. 

It  will  be  observed  that  the  voltage  across  the  inductance 
and  that  across  the  capacitance  are  equal,  each  being  612  volts, 
or  more  than  six  times  the  line  voltage. 

It  should  be  noted  that  the  current  is  a  maximum  when  a 
series  circuit  is  in  resonance. 

21.  Parallel  Circuits. — In  practice,  parallel  circuits  are  more 
common  than  series  circuits,  because  of  the  extended  use  of  the 
multiple  system  of  transmission  and  distribution.    The  solution 


Alc=8o 


*-J&«120V. 


7n  =  13.9a 


Fio.  39. — Alternating-current  parallel  circuit  and  vector  diagram. 


of  problems  with  two  or  more  loads  in  parallel  involves  the  find- 
ing of  the  current  in  each  branch  of  the  circuit  and  the  combining 
of  these  currents  vectorially  to  give  the  resultant  current. 
This  is  illustrated  by  the  following  example: 

A  resistance  of  10  ohms,  an  inductive  reactance  of  8  ohms  and  a  conden- 
sive  reactance  of  16  ohms  are  all  connected  in  parallel  across  120-volt, 
60-cycle  mains,  as  shown  in  Fig.  39  (a),  (a)  Find  the  total  current.  (6) 
Determine  the  circuit  power-factor,     (c)  Determine  the  power. 
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The  current  taken  by  the  resistance 

120 
Ir  =  ^r^  —  12  amp.  in  phase  with  E. 

120 
II  =  —^  =15  amp.  in  quadrature  with  E  and  lagging. 

o 

Ic  =  ^TF  —    8  amp.  in  quadrature  with  E  and  leading. 

These  currents  are  shown  vectorially  in  Fig.  39  (6). 

The  voltage  is  the  same  for  all  three  branches  of  the  circuit  and  is  laid 
off  as  the  horizontal  vector.  The  resistance  current  /b  is  in  phase  with 
the  voltage  E.  The  inductive  current  lags  the  voltage  by  90**  and  the 
condensive  current  leads  the  voltage  by  90**.  As  the  inductive  current  and 
condensive  current  are  in  exact  opposition,  they  subtract  from  each 
other,  leaving  7  amp.  lagging  by  90**.  The  resultant  current  /o  is  the 
vector  sum  of  the  7  amp.  and  the  12  amp. 

(a)  /o  =  \/l2*  H-  7«  =  13.9  amp.  lagging.     Ans. 

(6)  Obviously  the  cosine  of  the  angle  0  between  the  voltage  and  the 
current  is 

cos  ^  =  7^  =  :i4^  =  0.864  =  P.F.     Ans, 

(c)  P  =  EIr  =  120  X  12  =  1,440  watts.     Ans. 
Also  P  =  -B/o  cos  ^  =  120  X  13.9  X  0.864  =  1,440  watts.     Ans, 

For  convenience  the  following  equations  are  given  for  the 

parallel  circuit. 

R  and  L  in  parallel 

1  RXl 


Z  = 


va)-+(i)' 


Vfi»  +  Xl* 


I  =^ 


R  and  C  in  parallel 


E^ 
Z 

Rf  L,  and  C  in  parallel 

1  RXlXc 


Io^% 


Z 


V(i)'+(i-i)' 


VXl»Xc*  H-  R*{Xl  -  Xc)» 
E 


Z 

where  /o  is  the  total  current  and  E  is  the  circuit  voltage. 

22.  Resonance  in  a  Parallel  Circuit. — Resonance  in  a  parallel 
circuit  exists  whm  tb^  resultant  current  and  the  line  voltage  are 
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in  phase  with  each  other.  Under  these  conditions  the  condensive 
current  must  be  equal  to  the  inductive  current.  These  two 
being  opposite  and  equal  balance  each  other,  leaving  only  the 
resistance  current.  This  is  illustrated  in  Fig.  40  (a).  E  is  the 
voltage  wave;  Ir  is  the  current  in  the  resistance;  II  is  the  current 
in  the  inductance;  Ic  is  the  current  in  the  condenser  and  is  equal 
to  /x,.  As  the  inductive  current  lags  the  voltage  by  90**  and  the 
condensive  current  leads  the  voltage  by  90®,  they  are  in  direct 
opposition  and  being  equal,  they  balance.    This  leaves  only  Ir. 


A/. 


-^E 


^B 


(b) 


i^i 


Fio.  40. — Resonance  in  a  parallel  circuit. 


Figure  40  (b)  illustrates  vectorially  these  circuit  conditions. 
It  will  be  observed  that  the  total  current  is  a  minimum  when  the 
parallel  circuit  is  in  resonance,  whereas  in  the  series  circuit, 
the  current  is  a  m^iximum  at  resonance.  In  the  parallel  circuit 
the  inductive  and  condensive  currents  are  opposite  and  equal; 
in  the  series  circuit  the  inductive  and  condensive  voUages  are 
opposite  and  equal.  If  a  pure  capacitance  and  a  pure  induc- 
tance were  connected  in  parallel  and  adjusted  for  resonance, 
the  line  current  would  be  zero,  even  though  the  inductance  and 
condenser  were  each  taking  current, 
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Example. — ^A  resistance  of  12  ohms,  an  inductance  of  0.2  henry  and  a 
condenser  are  connected  in  parallel  across  120-volt,  60-cycle  mains.  For 
what  value  of  capacitance  will  the  circuit  be  in  resonance? 

Ic  must  be  equal  to  II 

J  120 -  -^ 

^^  =  2x60  X  0.2  ^  ^-^^  *°^P- 

/c  =  120  X  2x60  X  C  =  1.59  amp. 

1  f\Q 

^  =  120X2x60  =  ««^52  farads 

=  35.2  mf.     Ans, 

In  the  parallel  circuit,  as  well  as  in  the  series  circuit,  LCw^  = 
1.0  at  resonance  (w  =  2x/),  when  the  inductive  and  capadtive 
branches  contain  only  pure  inductance  and  pure  capacitance. 

Also,  under  these  conditions  /  = 7=- 

2tVLC 

When  there  is  resistance  in  either  the  inductive  or  the  con- 
densive  branch,  L  and  C  are  the  equivalent  inductance  and  capaci- 
tance of  the  parallel  circuit,  and  not  the  L  and  C,  respectively, 
of  the  inductance  and  capacitance  alone. 

23.  Polygon  of  Voltages ;  Three  Voltages. — ^The  inductances 
and  condensers  so  far  considered  have  been  assumed  as  perfect, 
that  is,  as  having  no  losses  and  with  their  currents  exactly  90° 
from  their  respective  voltages.  In  practice  this  is  impossible. 
The  wire  of  which  the  inductance  is  made  has  a  certain  resistance, 
and  if  an  iron  core  is  used,  the  core  losses  are  equivalent  to  an 
added  resistance,  since  they  involve  a  power  loss.  Condensers 
are  made  having  very  small  losses,  and  phase  angles  very  nearly 
equal  to  90°,  but  even  such  condensers  are  not  ideal. 

When  an  inductance  coil  is  being  considered,  its  resistance 
must  be  added  to  the  other  resistances  in  the  circuit,  in  order  to 
find  the  total  circuit  resistance. 

Figure  41  (a)  shows  a  series  circuit  connected  across  an  alter- 
nating voltage  Ey  having  a  frequency  /.  This  circuit  contains  a 
resistance  R  and  an  impedance  coil  Z',  having  a  resistance  R' 
and  an  inductance  L.  The  reactance  X'  of  the  impedance  coil 
is  equal  to  27r/L.  Figure  41  (6)  shows  the  vector  diagram  for 
this  circuit.  The  voltage  IR  is  in  phase  with  the  current  J. 
The  voltage  Ez'  across  the  impedance  coil  is  not  90°  ahead  of  the 
current,  but  leads  the  current  by  an  angle  <t>  which  is  less  than  90°, 
due  to  the  resiidtance  of  the  impedance  coil.    The  circuit  voltage 
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E  is  the  vector  sum  of  IR  and  Ez'.  The  impedance  voltage 
Ez'  consists  of  two  components,  IR'  in  phase  with  the  ciirrent 
and  IX'  in  quadrature  with  the  current.  Therefore,  the  projec- 
tion of  Ez't  the  voltage  across  the  impedance,  on  the  current  / 
is  the  voltage  drop  due  to  the  resistance  of  the  impedance. 
Divide  this  projected  voltage  by  the  current  and  the  resistance  of 
the  impedance  coU  is  obtained. 


En^lR 


E 


i" 

4-_j 


1^ 


i 


R 
Z' 


(a)  (b) 

Fio.  41. — Circuit  having  resistance  and  impedance  in  series,  and  vector  diagram. 

Figiu-e  42  (a)  shows  a  series  circuit,  containing  a  non-inductive 
resistance  R  and  an  impedance  coil  Z'  in  series  across  the  voltage 
E.  Let  it  be  required  to  construct  the  vector  diagram  of  this 
circuit.  A  voltmeter  across  the  resistance  R  measures  the  voltage 
Er;  when  across  the  impedance  it  measures  the  voltage  Ee' 
and  when  across  the  line  it  measures  the  voltage  E. 

To  construct  the  vector  diagram  of  this  circuit,  the  current 
vector  I  is  laid  oflF  horizontally,  as  shown  in  Fig.  42  (6).  The 
voltage  Er  is  laid  oflF  to  scale  in  phase  with  the  current  J;  from 
the  outer  end  of  Er  an  arc  is  swung  having  Ez'  for  its  radius. 
Then  from  0,  the  origin,  another  arc  is  swung  having  E  for  its 
radius.  Lines  drawn  from  the  end  of  Er  and  from  0  to  the 
intersection  of  the  arcs  complete  the  vector  diagram.  By 
trigonometry  the  angle  0,  the  circuit  power-factor  angle,  and  <t>, 
the  impedance  coil  power-factor  angle,  can  both  be  found.  Know- 
ing these,  it  is  a  simple  matter  to  determine  the  power-factor  and 
the  power  of  the  circuit. 

Example, — A  resistance  and  an  impedance  coil  are  connected  in 
series  across  a  60-cycle  alternating-current  circuit,  Fig.  42  (a),  and  the 
current  is  4.0  amp.  The  voltage  across  the  resistance  is  found  to  be  60  volts, 
that  across  the  impedance  coil  80  volts,  and  the  line  voltage  is  1 10  volts.   Find : 
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(a)  The  v&lue  of  the  reaiBtonee.  (b)  The  circuit  power-faetor  angle  0  and 
the  power-factor,  (c)  The  impedance-coil  power-factor  angle  4>  and  the 
corresponding  power-factor,  (d)  The  circuit  power,  (e)  The  impedance- 
coil  power.  (/)  The  impedance-coil  resistance,  (g)  The  impedance-coit 
reactance. 

(a)  R  -  Br/I  =  60/4  -  15  ohms.     Am. 

(b)  Applying  the  law  of  coaines,  page  457,  to  Fig.  42  (b), 
80*  =>  110'  -H  60'  -  2  X  110  X  60  cos  9 


9,300 
'  13,200 


=  0.704.    Ant. 


and  inductive  im- 


(e)  By  the  law  of  sines,  page  457, 
Bing_60 
sin  e      80 
sin  5  =  sin  45.2°  jr;  = 


0.710^ 


=  0.633 


&  =  32.2° 
Since  the  exterior  angle  4  ia  equal  to  the  sum  of  the  interior  angles  e  and 
&,  that  ie 

*  =  e  +  3 

«  -  45.2''  -I-  32.2''  =  77.4°.    Ant. 
cos  *  =  cos  77.4°  =  0.218.     Ans. 

(d)  The  circuit  power 

P  =  110  X  4  X  coa  »  =  440  X  0.704  =  310  watta.    Ant. 

(e)  The  impedance-coil  power 

f  =  Ez-  X  /  X  coa  * 

=  80  X  4  X  a218  =  69.8  watta. 

(f)  /'fl'  =  69.8 

R'  =  -r^  =  4.36  ohms.    .Ans. 
ig)  The  reactance  voltage  in  the  impedance  coil 
Ei'  =  80  sin  «  =  80  X  0.976  =  78.1  volta. 
—7-  ■  19.5  ohms  reactance.     Am. 
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24.  PilyiDa  ei  Voltages;  Toor  ToUbcbs.— If  three  stfaa  of  s 

triangle  are  fixed,  the  trian^  itaetf  is  fixed  aa  regards  both  its 
area  and  ita  angles.  If  the  four  ddea  of  a  potygpa.  aie  pven, 
however,  the  polygon  itaetf  is  not  determined.  In  <»der  to 
determine  the  polygon  definitely,  the  an^  included  between  two 
of  ita  aides  must  be  known.  This  is  the  conditioti  which  ^sts 
when  there  is  resistance,  inductance  and  capacitance  in  a  series 
circuit.  Thene  three  voltages  and  the  line  voltage  give  four 
voltages  which  in  themselves  make  an  indeterminate  polygon. 
If  the  angle  between  two  of  these  voltages  ia  known,  the  pcJygon 
and  its  ao^es  are  completdy  determined. 


Fill,  43. — Pi^yRon  of  voltagea  for  seriea  circuit  cootaiiiing  resistaDce.  iDduetlve 
impedBnce  and  cBpadtsnce. 

This  18  illustrated  in  Fig.  43,  in  which  resistance,  impedance 
and  capacitance  are  all  connected  in  series  and  the  current  / 
flows  in  the  circuit.  Assume  that  the  condenser  power-factor  an^ 
is  90°,  which  is  practically  the  casein  most  commercial  condensers. 
This  const!  tu  tea  the  angle  which  determines  the  polygon  of  voltages. 
Along  /  lay  ofif  Eb  to  scale,  Fig.  43  {b).  Ninety  degrees  behind  / 
lay  off  Ec  to  scale.  Add  these  two  vectorially  giving  E'=  Sm 
+  Ec  From  the  end  of  E'  swing  upward  the  vector  Eg'  and 
from  0  swing  the  line  voltage  E.  Complete  the  polygon  where 
these  two  area  intersect.  Then  from  0  draw  Et*  parallel  to 
the  Ez'  swung  from  the  end  of  E\ 

It  will  now  be  seen  that 
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That  is,  the  vector  sum  of  the  three  voltages  is  equal  to  the  line 
voltage,  which  condition  exists  in  the  circuit. 

Example, — ^A  resistance,  an  impedance  coil  and  a  condenser  are  all  con- 
nected in  series.  The  voltage  across  the  resistance  is  80  volts;  that  across 
the  impedance  coil  is  70  volts;  that  across  the  condenser  is  90  volts  and  the 
line  voltage  is  120  volts.  A  current  of  5  amp.  flows  in  the  circuit  and  the 
condenser  current  leads  its  voltage  by  90**.  Determine:  (a)  The  cir- 
cuit power-factor  angle  0,  (h)  The  resistance  and  reactance  of  the  impe- 
dance coil. 

The  voltage  polygon  is  shown  in  Fig.  44. 

(o)  ^'  =  VSO*  H-80*  =  \/i4;500  =  120.5  volts 

tan  a  =  |g  =  1.125     a  =  48". 


>-  /  «5.0« 


Eg'szTOY. 


Fig.  44. — Polygon  of  voltages  for  alternating-current  series  circuit. 


Applying  the  law  of  cosines  (page  457)  to  triangle  oab,  70*  =  120.5*  + 


Ana. 


120*  -  2  X  120.5  X  120  cos  j3. 

cos  /3  =  gg  =  0.8305 

/3  =  33!8'' 

^  =  a_/3  =  48*»-  33.8**  =  14.2*' 
cos  14.2^  =  0.969  (current  leads). 
(6)  The  distance  od  =  120  cos  ^  =  120  X  0.969  -  116.4  volts,     oc  = 
c'dy  since  oc  is  the  projection  of  oe  on  od  and  c'd  is  the  projection  of 
ab  on  od  and  ab  is  equal  and  parallel  to  oe. 
Therefore: 

oc  ^  od  -  80  =  116.4  -  80  =  36.4  volts. 
36.4/5  =  7.28  ohms  resistance  in  impedance  coil.     Ans. 
^*  =  70*  -30* 
ce  =  \/3,580  =  59.8  volts. 


59.8 


11.96  ohms  reactance  in  impedance  coil.     Ana, 
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26.  Polygon  of  Currents. — Obviously;  if  the  resistances,  im- 
pedances, etc.  are  in  parallel,  the  voltage  is  the  same  for  each 
branch  of  the  circuit,  but  the  respective  currents  may  diflfer. 
Therefore,  the  polygon  is  composed  of  currents  rather  than  of 
voltages.  Figure  46  (a)  shows  a  circuit  consisting  of  resistance, 
inductive  impedance  and  capacitance  all  in  parallel.  Assume 
that  the  condenser  current  is  in  quadrature  with  its  voltage. 
Figure  45  (b)  then  represents  the  polygon  of  currents.  The 
voltage  Ef  being  common,  is  laid  ofif  horizontal.  The  current  Ir 
is  laid  oflF  in  phase  with  E  and  the  current  Ic  leads  E  by  90**. 


Fig.  45. — Parallel  circuit,   consisting  of  resistance,  inductive  impedance  and 

capacitance  all  in  parallel,  with  vector  diagram. 

These  two  are  combined  to  obtain  /'.  From  the  outer  end  of  J', 
Iz  is  swung  to  meet  /  which  is  swung  from  0.  This  completes 
the  polygon,  which  is  similar  to  those  shown  in  Figs.  43  and  44, 
except  that  the  vectors  are  currents  instead  of  voltages. 

26.  Energy  and  Quadrature  Currents. — Figiu*e  46  shows  the 
vector  diagram  for  a  load  connected  across  alternating-current 
mains.  This  load  is  typical  of  most  commercial  loads,  except 
incandescent  lamps.  It  takes  a  current  7,  lagging  the  voltage  E 
by  0  degrees.  The  current  /  may  be  resolved  into  two  com- 
ponents, ii  in  phase  with  the  voltage  and  i2  in  quadrature  with 
the  voltage.    Obviously  I  is  the  vector  sum  of  ii  and  it. 

The  power  taken  by  the  load  is 

P  =  EI  cos  d 
but  /  cos  6  =  ii 

Therefore  P  =  Eii 
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ii  is  called  the  energy  component  of  the  current,  because  this 
component  multiplied  by  the  voltage  gives  the  circuit  power. 

The  component  i%  is  in  quadrature  with  the  voltage  and  can 
contribute  no  power  therefore,  i^  is  called  the  quadraiure  or 
wattless  component  of  the  current. 


Xnersy  Carrcnt 


Fig.  46. — Energy  and  quadrature  currents. 

If  this  load  is  being  supplied  over  a  transmission  line,  the  line 
loss  is  proportional  to 

PR  =  (ii^  +  i2^)R  =  Um  +  U^R 

where  R  is  the  transmission  line  resistance. 

It  will  be  observed  that  the  quadrature  component  produces 
line  loss,  yet  contributes  no  power  to  the  load.  Therefore,  it 
is  ordinarily  desirable  to  make  U  as  small  as  possible  or,  in  other 
words,  have  the  system  operate  at  a  high  power-factor.  For 
example,  when  6  =  46®,  P.F.  =  0.707,  the  energy  and  quadrature 
currents  are  equal.  Therefore,  the  quadrature  current  con- 
tributes as  much  to  the  line  loss  as  ^he  energy  current  does,  but 
it  contributes  nothing  to  the  power  supplied  to  the  load. 

Example. — A  transmission  line,  Fig.  47  (a),  supplies  50  kw.  at  220  volts, 
single-phase,  to  a  load  having  a  power-factor  of  0.60,  lagging  current.     Each 


0.02  a 


50  E« 


220  V 


0.02  n 


(a) 


♦.  £  =  220  Volt* 


2«=  308  a 


Fig.  47. — Energy  and  quadrature  currents  in  a  transmission  line. 

wire  has  a  resistance  of  0.02  ohm.  Find :  (a)  The  energy  current.  (6)  The 
quadrature  current,  (c)  The  line  loss  due  to  the  energy  current,  (d)  The 
line  loss  due  to  the  quadrature  current,  (e)  The  total  line  loss,  (f)  The  line 
loss  which  would  exist  if  the  load  power-factor  were  unity. 
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The  total  current 

,         60,000 

^  "  220  X  0.6  "  ^^^  """P- 

(a)  ti  «  379  cos  d  =  379  X  0.6  =  227  amp.     Ana. 

(h)  U  =  379  sin  d  =  379  X  0.8  «  303  amp.     Arw. 

(c)  ii*  X  0.04  =  2,070  watts.    Ana. 

id)  12*  X  0.04  =  3,680  watts.     Arw. 

(e)   /«  X  0.04  =  5,750  watts.    Ana. 

(J)   If  the  power-factor  of  the  load  were  unity,  the  quadrature  current  i« 

would  be  zero  and  the  Ime  current  /  «=  t'l. 

Therefore  the  loss  would  be 

7*  X  0.04  =  2,070  watts.    Ana. 

In  this  partictilar  case,  the  line  loss  due  to  the  quadrature 
current  is  considerably  in  excess  of  that  due  to  the  energy  current, 
yet  the  quadrature  current  contributes  no  power  to  the  load. 

From  the  foregoing  it  must  not  be  inferred  that  the  energy  and 
quadrature  currents  exist  separately.  Only  one  current  actually 
flows,  but  this  current  is  resolved  into  two  components,  each  of 
which  produces  different  effects  in  the  circuit.  The  effect  of 
each  component  can  then  be  studied,  resulting  in  a  much  better 
understanding  of  the  circuit  relations  than  if  an  attempt  were 
made  to  consider  the  current  as  a  whole. 
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ALTERNATING-CURHENT  INSTRUMENTS  AND 
MEASUREMENTS 

ELECTRO-DTKAMOMETER  TYPE  mSTRUHBNTS 

27.  The  Siemens  Dsmamometer. — Several  types  of  altemat- 
ing-current  instruraeuts  operate  on  the  electro-dynamometer 
principle.  The  Siemens  dynamometer,  Fig.  48,  is  an  example 
of  this  type  of  instrument  in  simple  form.  It  consbts  primarily 
of  two  sets  of  coils.  The  coil  F  is  fixed  and  the  coil  M,  whose 
axis  is  at  right  angles  to  the  axis  of 
F,  is  free  to  turn  through  a  small 
ai^e.  M  is  suspended  by  a  silk 
thread  and  its  turning  moment  is 
opposed  by  a  helical  spring.  Current 
ia  led  into  the  moving  coil  through 
two  mercury  cups. 

When  used  as  an  ammeter,  the  two 
coils  are  wound  with  a  few  turns  of 
coarse  wire  and  are  connected  in 
series.  When  current  flows  through 
these  coils,  there  is  a  tendency  for  the 
moving  coil  to  swing  into  the  plane 
of  the  fixed  coil.  When  the  current 
reverses,  it  reverses  in  the  two  coils 
simultaneously  so  that  the  torque  is  always  in  the  same  direc- 
tion. The  movable  coil  is  not  allowed  to  deflect,  however,  but 
is  kept  in  its  zero  position  by  turning  the  knurled  head  at  the 
top  of  the  instrument  which  acts  on  the  coil  through  the  spring. 
The  angle  by  which  it  is  necessary  to  turn  this  head  is  pro- 
portional to  the  turning  moment  of  the  coil.  The  turning 
moment  is  proportional  to  the  current  sqaared,  so  that  the  deflec- 
tion of  the  index 

D  =  KI* 
where  K  ia  a.  constant. 
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The  current 

/  -  K'VD  (27) 

where  K'  =  1/Vk 

As  the  defiecttous  are  proportional  to  the  square  of  the  current, 
the  instrument  gives  effective  values  when  equation  (27)  ia 
appUed.  It  therefore  reads  correctly  for  both  alternating  and 
direct  currents.  When  direct  current  is  used,  it  is  advisable  to 
reverse  the  direction  of  the  current  and  average  the  set  of  read- 
ings.    This  eliminates  the  effect  of  stray  fields. 

This  type  of  instrument  is  difEcult  to  adjust  and  to  manipulate, 
especially  when  the  current  fluctuates.  It  b  not  direct  reading 
and  because  of  its  construction  is  adapted  to  laboratory  work 
only. 

If  small  wire  be  substituted  for  the  coarse  wire  and  an  exten- 
sion coil  be  connected  in  series,  the  instrument  can  be  used 
as  a  voltmeter. 

28.  The  Indicating  Electro-dynamometer. — As  it  is  neither 
portable  nor  direct  reading,  the  Siemens  dynamometer  itself  is 
not  adapted  to  portable  and  to 
switchboard      instruments. 
However,  many  types  of  port- 
able  and  switchboard  instru- 
ments operate  on  the  Siemens 
dynamometer   principle.    The 
general  construction  of  a  port- 
able    type     of    electro-dyna- 
mometer instrument  is  shown 
1  Fig.  49. 
Two  fixed  coils,  FF',  are  so 
connected  that  their  mc^netic 
fields  act  in  conjunction.  These 
coils  may  be  considered  as  beii^ 
two  parts  of  a  single  coil,  opened 
in  the  middle  to  allow  the  spin- 
dle of  the  moving  coil  to  pass 
through. 
M  is  a  movable  coil  mounted  on  a  vertical  spindle.     There  is  a 
hardened  steel  pivot  at  each  end  of  the  spindle,  which  turns  in 
jewelled  bearings.     Two  spiral  springs  similar  to  those  used  in 
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direct-current  imatrumeDtfi  (see  Vol.  I,  page  129,  Fig.  117)  oppose 
the  turning  of  coil  M  and  at  the  same  time  cany  the  current  into 
the  coQ.  As  the  springs  can  carry  but  a  very  small  current,  the 
movable  coil  is  wound  with  fine  wire. 

Assume  that  at  some  instant  the  direction  of  the  magnetic 
field  ^1,  which  is  due  to  the  fixed  coils,  is  from  left  to  right.  At 
the  same  instant  the  current  in  coil  M  produces  a  field  ^j  whose 
direction  is  along  the  axis  of  M.  Coils  tend  to  align  themselves  so 
that  the  number  of  magnetic  linkages  in  the  system  is  a  maximum. 
Therefore,  the  moving  coil  M  tends  to  turn  in  a  clockwise  direc- 
tion so  that  its  field  will  act  in  conjunction  with  <^].  The  turn- 
ing of  Af  is  opposed  by  the  control  springs. 

Obviously  the  torque  developed  is 
proportional  to  ^i,  ^  and  sin  p, 
where  ^  is  the  angle  between  the  axis 
of  coil  M  and  the  axis  of  coils  FF'. 
As  ^1  and  ^i  are  proportional  to  the 
currents  in  the  coils  FF'  and  M  re- 
spectively, the  torque  is  proportional 
to  the  product  of  the  two  currents 
and  sin  fi. 

29.  The  Electro-dynamometer  Volt- 
meter.— Some  types  of  alternating- 
current  voltmeter  operate  on  the 
electro-dynamometer  principle.  The 
fixed  coUa  FF',  Fig.  50,  are  wound 
with  fine  wire  and  are  connected  in 
series  with  the  moving  coil  M.  A 
high  resistance  R  is  connected  in 
series     with     the     dynamometer    to 

limit  the  ciurent  when  the  instrument  is  connected  across  the 
line.  The  current  passing  through  the  dynamometer  is  therefore 
proportional  to  the  line  voltage.  The  current  passing  through 
the  instrument  causes  coU  M  to  turn  and  the  pointer  attached  to 
it  moves  over  a  scale  graduated  in  volts.  The  scale  will  not  be 
divided  uniformly  like  that  of  the  direct-current  voltmeter,  for 
the  deflections  are  very  nearly  proportional  to  the  square  of  the 
voltage.  The  divisions  at  the  lower  part  of  the  scale  are  so  small 
that  poor  precision  is  obtained.    The  divisions  at  the  middle 
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and  upper  portions  of  the  scale,  however,  are  usually  of  such 
ma^tude  that  they  may  be  read  with  a  high  degree  of  precision. 

This  dynamometer-type  of  voltmeter  takes  about  five  times  as 
much  current  as  a  direct-current  voltmeter  of  the  same  rating  and 
consumes  an  appreciable  amount  of  power.  As  the  moving  coil 
operates  in  a  comparatively  weak  field,  this  type  of  instrument 
is  very  susceptible  to  stray  fields.  Unless  the  instrument  is 
shielded,  wires  carrying  currents,  inductive  apparatus  and  even 
iron  alone,  if  brought  too  near,  may  cause  laq^  errors  in  the 
indications  of  this  type  of  voltmeter. 

This  instrument  may  be  used  for  direct  current  as  well  as 
for  alternating  current.  Reversed  direct-current  readings  should 
be  taken  in  order  to  eliminate  the  effect  of  the  earth's  field  and 
of  any  other  stray  fields.  As  the  deflections  depend  upon  the 
square  of  the  voltage,  the  instrument  reads  effective  values. 

30.  Inclined-coil  Voltmeters. — The  inclined-coil  type  of  volt- 
meter operates  on  the  dynamometer  principle.     It  differs  from  the 
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previous  types  only  in  the  geometrical  relations  of  its  fixed  and 
moving  coils.  The  axis  of  the  fixed  coil,  Fig.  51,  is  set  at  a  con- 
siderable angle  with  the  vertical.  The  axis  of  the  moving  coil 
makes  a  considerable  angle  with  the  spindle.  This  moving  coil 
is  connected  in  series  with  the  fixed  coil,  the  current  being  carried 
to  the  moving  coil  through  light  springs.  A  resistance  to  limit 
the  current  is  connected  in  series  with  the  instrument. 

When  the  pointer  is  at  the  zero  position  there  is  a  considerable 
angle  between  the  axes  of  the  fixed  and  the  moving  coils.  When 
current  6ows  through  the  instrument,  the  moving  coil  tends  to 
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take  such  a  position  that  its  axis  coincides  with  the  axis  of  the 
fixed  coil,  so  that  their  magnetic  fields  act  in  conjunction.  In 
turning,  the  moving  coil  is  opposed  by  flat  spiral  springs.  The 
scale  is  caUbrated  in  volts. 

As  this  instrument  is  of  the  dynamometer  type,  its  scale  read- 
ings hold  for  both  direct  and  alternating  currents. 

31.  Dynamometer  Ammeters. — Owing  to  the  difficidty  of 
leading  a  heavy  current  into  the  moving  coil,  dynamometer 
ammeters  of  the  portable  type  and  of  the  switchboard  type  are 
not  common.  It  might  appear  that  this  type  of  instrument 
could  be  devised  for  use  with  a  shunt,  which  would  allow  but  a 
small  portion  of  the  total  ciurent  to  pass  through  the  moving 
coil.  This  involves  two  difficulties.  Alternating  currents  divide 
inversely  as  the  circuit  impedances.  Impedances  are  determined 
by  the  frequency.  Unless  the  ratio  of  inductance  to  resistance 
were  the  same  in  the  shunt  as  in  the  moving  coil,  the  instrument 
would  be  correct  at  only  one  frequency  and  might  be  in  consider- 
able error  with  an  irregular  wave  shape  owing  to  the  presence  of 
higher-frequency  harmonics.  There  would  also  be  a  considerable 
voltage  drop  across  such  a  shunt. 

Instruments  of  the  dynamometer  type,  in  which  the  above 
difficulties  are  in  part  overcome,  are  available,  but  the  iron-vane 
type  of  instrument  described  in 
Par.  34  is  so  much  simpler  and 
less  expensive  that  the  shunted 
type  is  little  used. 

32.  The  Wattmeter. — ^Alter- 
nating-current  power  is  equal 
to  the  product  of  the  efifective 
current  and  the  effective  volt- 
age only  when  the  power-factor 

is   unity.      Therefore,  the  am-    Fio.  52.— Connections  for  a  wattmeter. 

meter  and  voltmeter  method, 

as  used  with  direct  currents,  can  seldom  be  used  to  measure 
alternating-current  power.  Consequently,  a  wattmeter  is  neces- 
sary for  measuring  alternating-current  power. 

The  wattmeter  shown  in  Fig.  52  operates  on  the  electro- 
dynamometer  principle.  Af  is  a  moving  coil  wound  with  fine 
wire  and  is  practically  identical  with  the  moving  coil  of  the  dyna- 
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mometer  voltmeter.  Fig.  50.  It  is  connected  across  the  line  in 
series  with  a  high  resistance  12.  The  current  is  led  into  this  coil 
through  springs.  The  two  fixed  coils  FF  are  wound  with  a  few  turns 
of  heavy  wire,  capable  of  carrying  the  load  ciurent.  As  there  is  no 
iron  present,  the  field  due  to  the  current  coils  FF  is  proportional 
to  the  load  current  at  every  instant.  The  current  in  the  moving 
coil  M  is  proportional  to  the  voltage  at  every  instant.  'There- 
fore, for  any  given  position  of  the  moving  coil,  the  torque  is 
proportional  at  every  instant  to  the  product  of  the  current  and 
voltage  or  to  the  instantaneous  power  of  the  circuit.  K  the 
power-factor  is  other  than  unity,  there  is  negative  torque  for  part 
of  the  cycle.  That  is,  during  the  periods  when  there  are  negative 
loops  in  the  power  ciure.  Fig.  21,  page  24,  the  current  in  the 
fixed  coil  and  the  current  in  the  moving  coil  reverse  their  direc- 
tions with  respect  to  each  other,  and  so  produce  a  negative  torque. 
The  moving  coU  takes  a  position  corresponding  to  the  average 
torque.  The  torque  is  also  a  function  of  the  angle  between  the 
fixed  and  moving  coil  axes,  but  this  factor  is  taken  into  account 
by  the  scale  calibration. 

As  the  torque  acting  on  the  moving  coil  varies  from  instant  to 
instant,  having  a  frequency  twice  that  of  either  the  current  or 
the  voltage,  the  coil  tends  to  change  its  position  to  correspond 
with  these  variations  of  torque.  If  the  moving  system  had  little 
inertia,  the  needle  would  vibrate  so  that  it  would  be  impossible 
to  obtain  a  reading.  Because  of  the  relatively  large  moment  of 
inertia  of  the  moving  system,  the  needle  assumes  a  steady 
deflection  for  constant  values  of  average  power.  The  position 
taken  by  the  coil  corresponds  to  the  average  value  of  the  power, 
which  is  the  result  desired. 

It  should  be  noted  in  Fig.  52  that  the  voltage  terminal  marked 
"0"  is  connected  directly  to  one  end  of  the  moving  coil.  This 
terminal  always  should  be  connected  directly  to  that  side  of  the 
line  to  which  the  current-coil  is  connected.  The  fixed  and  moving 
coils  are  then  at  the  same  potential.  If  the  moving  coil  is 
connected  to  the  other  side  of  the  line,  the  potential  difference 
between  the  fixed  and  moving  coils  is  equal  to  the  full  line  poten- 
tial, as  shown  in  Fig.  53.  In  this  diagram,  the  fixed  coils  are  con- 
sidered as  being  at  zero  or  ground  potential.  The  moving  coil  is 
then  at  the  potential  of  the  other  side  of  the  line,  or  550  volts. 
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and  this  is  the  diflference  of  potential  which  exists  between  the 
fixed  and  moving  coils.  This  is  dangerous  from  the  insulation 
standpoint,  and  electrostatic  forces  existing  between  the  fixed 
and  the  moving  coils  may  cause  an  error  in  the  instrument  read- 
ing.    (The  wattmeter  is  also  briefly  described  in  Vol.  I,  Chap.  VII.) 
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Fig.  63. — Incorrect  method  for  connecung  a  wattmeter. 

33.  Wattmeter  Connections. — In  Fig.  54  (a),  wattmeter  W  is 
shown  measuring  the  power  taken  by  a  certain  load.  In  order 
to  measure  this  power  correctly,  the  wattmeter  current-coil  should 
carry  the  load  current,  and  the  wattmeter  voltage-coil,  in  series 
with  its  resistance,  should  be  connected  directly  across  the  load. 


,Load 


Load 


(a) 

Instrument  measures  power  con-     Instrument  measures  power  consumed 
sumed  by  its  own  current  coil.  by  its  own  potential  circuit. 

Fig.  54. — Methods  for  connecting  a  wattmeter. 

The  current  in  the  wattmeter  current-coil  is  the  same  as  the 
load  current,  but  the  wattmeter  potential-circuit  is  not  connected 
directly  across  the  load,  but  is  measuring  a  potential  in  excess  of 
the  load  potential  by  the  amount  of  the  impedance  drop  in  the 
wattmeter  current-coil.  Therefore,  the  wattmeter  reads  too 
high  by  the  amount  of  power  consumed  in  its  own  current-coil. 
Under  these  conditions  the  true  power 

P  =  P'  -  PR. 
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where  P'  is  the  power  indicated  by  the  wattmeter,  I  is  the  current 
in  the  wattmeter  current-coil,  and  Re  is  the  resistance  of  this  coil. 
This  loss  is  ordinarily  of  the  magnitude  of  1  or  2  watts  at  the 
rated  current  of  the  instnunent,  and  may  often  be  neglected. 

If  the  wattmeter  be  connected  as  shown  in  Fig.  54  (6),  the 
wattmeter  potential-circuit  is  connected  directly  across  the  load, 
but  the  wattmeter  current-coil  carries  the  potential-coil  current  in 
addition  to  the  load  current.  In  fact,  the  wattmeter  potential- 
circuit  may  be  considered  as  being  a  small  load  connected  in 
parallel  with  the  actual  load  whose  power  is  to  be  measured. 
Therefore,  the  power  consumed  by  this  potential-circuit  must 
be  deducted  from  the  wattmeter  reading.  The  true  power  taken 
by  the  load, 

P  ==  P'  -  EyRp 

where  P'  is  the  wattmeter  reading,  E  the  load  voltage  and  Rp  the 
resistance  of  the  wattmeter  potential-coil  circuit. 

An  idea  of  the  magnitude  of  this  correction  may  be  obtained 
from  the  following  example. 

Example. — A  certain  wattmeter  indicates  157  watts  when  it  is  connected 
in  the  manner  shown  in  Fig.  54  (6).  The  line  voltage  is  120  volts  and  the 
resistance  of  the  wattmeter  potential-circuit  is  2,000  ohms.  How  much 
power  is  taken  by  the  load? 

P  =  157  -  12072,000  -  157  -  7.2  =  149.8  watts. 

It  will  be  observed  that  a  considerable  percentage  error  would 
result  in  this  case  if  the  wattmeter  loss  were  neglected. 

The  Weston  Electrical  Instrument  Co.  manufactures  an 
instrument  which  compensates  for  this  loss.  A  small  auxiliary 
coil,  connected  in  series  with  the  moving-coil  system,  is  inter- 
wound  with  the  fixed  coils  so  that  a  small  counter-torque  is 
exerted,  this  counter-torque  being  proportional  to  the  power 
consumed  by  the  potential  circuit. 

The  current-  and  potential-circuits  of  a  wattmeter  must  each 
have  a  rating  corresponding  to  the  current  and  voltage  of  the 
circuit  to  which  the  wattmeter  is  connected.  A  wattmeter  is 
rated  in  amperes  and  volts,  rather  than  in  watts,  because  the 
indicated  watts  show  neither  the  amperes  in  the  current-coil  nor 
the  voltage  across  the  potential-circuit. 

If  the  current  in  an  ammeter  or  the  voltage  across  a  voltmeter 
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exceed  the  rating  of  the  instrument,  the  pointer  goes  off  scale 
and  80  warns  the  user.  A  wattmeter  may  be  considerably  over- 
loaded and  yet  the  load  power-factor  be  so  low  that  the  needle  is 
well  on  the  scale.  For  this  reason  a  voltmeter  and  an  ammeter 
should  ordinarily  be  used  in  conjunction  with  a  wattmeter  so 


Fio.  55. — Wattmeter,  antmeter  and  voltmeter  connectiona  for  measuring  power. 

that  it  is  possible  to  determine  whether  either  the  voltage  or  the 
current  exceeds  the  wattmeter  rating. 

Corrections  for  the  power  taken  by  ammeters  and  voltmeters 
are  often  necessary.  For  example,  in  Fig.  55  the  PR  loss  of  the 
ammeter  and  the  E^/R  loss  of  the  voltmeter  must  be  deducted 
from  the  wattmeter  reading, 
in  addition  to  the  wattmeter 
potential  loss.  The  ammeter 
reads  too  high  by  the  current 
taken  by  the  voltmeter.  This 
voltmeter  current  must  be 
subtracted  vectorially  from  the 
ammeter  reading  in  order  to 
obtain  the  t^ue  load  current. 

Polyphase  Wattmeter. — 
Ordinarily,  it  requires  two  or 
more  wattmeters  to  measure 
the  total  power  of  a  two-phase 
or  a  three-phase  circuit.  If 
the  load  fluctuates,  it  is  difh-  fiq-  66.— interior  v 
cult  to  obtain  accurate  simul- 
taneous readings  of  two  wattmeters.  At  power-factors  less  than 
P'^b.hl,^  three-phase  circuit,  one  of  the  wattmeters  reverses  its 


■,  Weslon  poly- 
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reading.  (See  page  91,  par.  48.)  This  necessitates  reversing 
the  connections  of  one  of  the  instruments,  which  is  often  incon* 
venient.  If  both  wattmeters  be  combined  in  one,  that  is,  if  both 
moving  coils  be  mounted  on  the  same  spindle,  the  turning 
moments  for  each  element  add  or  subtract  automatically,  and 
the  total  power  is  read  on  a  single  scale. 


FiQ.  57. — Connections  for  polyphase  wattmeter  on  3-phase  circuit. 

Figure  56  shows  the  construction  of  a  Weston  polyphase  watt- 
meter in  which  the  two  elements  are  clearly  shown.  Figure  57 
shows  one  method  for  connecting  a,  polyphase  wattmeter  in  a 
three-phase  circuit. 
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FiQ.  68. — Connections  for  calibrating  a  wattmeter. 

Although  it  is  often  more  convenient  to  use  a  polyphase  watt- 
meter, two  single  instruments  are  better  adapted  to  precision 
work,  as  there  is  no  mutually  inductive  action  between  the  ele- 
ments of  the  instruments  such  as  may  occur  between  the  elements 
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of  a  polyphase  instrument.  With  two  individual  instnimenta, 
it  is  a  simple  matter  to  apply  scale  correctioDs. 

Wattrmter  Calibration. — A  dynamometer-wattmeter  is  ordi- 
narily calibrated  with  direct  current,  the  connections  for 
calibration  being  shown  in  Fig.  58.  The  voltage  across  the 
potential-circuit  is  measured  witha  standard  direci^current  volt- 
meter. The  current  is  accurately  measured  by  means  of  a 
potentiometer,  although  a  standardized  direct-current  ammeter 
is  often  sufficiently  accurate.  Both  the  current  and  the  po- 
tential are  reversed  at  each  reading  so  as  to  ehminate  the  effect 
of  the  earth's  field  or  of  any  stray  field.  The  true  power  in  watts 
is  given  by  the  product  of  the  current  and  the  voltage,  as  direct 
current  is  used. 

ntON-VAHE  INSTRUMENTS 

34.  Voltmeters. — In  Vol.  I,  Chap.  VII,  it  was  pointed  out  that 
instruments  depending  upon  the  solenoid  action  of  an  iron  plunger 
were  not  satisfactory  as  ammeters. 
By  the  use  of  light  iron  vanes,  jew- 
elled bearings,  etc.,  satisfactory  types 
of  commercial  alternating-current 
instruments,  based  on  the  principle  of 
magnetized  iron,  have  been  developed. 

One  such  type  of  instrument,  manu- 
factured by  the  Weston  Electrical 
Instrument  Co.,  is  shown  in  Fig.  59. 

A  small  strip  of  soft  iron,  M,  bent 
into  cylindrical  form,  is  mounted 
axially  on  a  spindle  which  is  free  to 
turn.  Another  similar  atrip,  F,  which 
is  more  or  less  wedge-shaped,  and  with 
a  latter  radius  than  M,  is  fixed  inside 
a    cylindrical    coil.     The    cylindrical 

coil  is  wound  with  fine  wire  and  is  connected  in  series  with 
a  high  resistance.  When  connected  across  the  line,  the  current 
through  the  instrument  is  substantially  proportional  to  the  cir- 
cuit voltage.  When  current  flows  through  this  exciting  coil, 
both  iron  vanes  become  magnetized.  The  upper  edges  of  the 
two  strips  will  always  have  the  same  magnetic  polarity,  and  the 
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lower  edges  will  always  have  the  same  magnetic  polarity,  but 
when  the  upper  edges  are  north  poles,  the  lower  edges  are  south 
poles.  Therefore,  there  will  always  be  a  repulsion  between  the 
two  upper  edges,  and  also  between  the  two  lower  edges  of  the 
iron  strips.  This  repulsion  tends  to  move  the  spindle  against 
the  action  of  two  springs.  A  pointer  mounted  on  the  spindle 
moves  over  a  graduated  scale  and  indicates  the  voltage. 
This  type  of  instrument  can  be  used  for  direct  current  with  a 

precision  of  1  or  2  per  cent.  Its  obvious 
advantages  are  its  simplicity,  its  cheap- 
ness, and  the  fact  that  there  is  no  current 
carried  to  the  moving  element.  When 
carefully  calibrated,  a  precision  of  0.5  per 
cent.,  and  better,  can  be  obtained  with 
alternating  current.  This  type  of  instru- 
ment cannot  be  calibrated  accurately 
with  direct  current  on  account  of  the 

Fig.  60.— Inclined  coil,    ^ff^ct   of   hysteresis   ou   the  vanes.     It 
iron-vane  type  of  instru-   should     be    calibrated    by    comparison 

'"^''*-  with    an    alternating-current    standard. 

Air  damping  is  obtained  by  the  use  of  a  light  aliuninimi  vane 
moving  in  a  restricted  space. 

The  iron-vane  principle  has  been  applied  to  the  inclined-coil 
type  of  instrument.  A  small  iron  vane,  mounted  obliquely  on  the 
spindle.  Fig.  60,  replaces  the  inclined  moving  coil  of  Fig.  51 ,  page  54. 
When  the  pointer  is  at  zero,  this  vane  lies  at  an  angle  to  the  coil 
axis,  as  at  a.  Fig.  60.  When  current  flows  in  the  coil,  the  vane 
attempts  to  take  such  a  position  that  the  direction  of  its  axis 
shall  coincide  with  that  of  the  magnetic  field,  which  acts  along 
the  coil  axis.  This  position  is  shown  at  6,  Fig.  60.  The  vane  in 
seeking  this  position  turns  the  spindle  which  carries  the  pointer. 
The  turning  moment  is  opposed  by  springs.  In  the  later  models, 
the  coils  of  these  instruments  are  surrounded  by  iron  laminations 
which  shield  them  from  stray  fields.  In  the  cheaper  models,  air 
damping  is  used,  being  obtained  by  a  light  aluminum  vane 
attached  to  the  moving  element.  The  more  expensive  models 
employ  magnetic  damping,  such  as  is  used  with  watthour  meters, 
a  light  aluminum  vane  moving  between  the  poles  of  perma- 
nent magnets. 
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36.  Ammeters. — Owing  to  the  difficulty  of  carrying  any  except 
the  smallest  currents  into  the  moving  system  of  dynamometer 
instnunents,  iron-vane  ammeters  are  practically  the  only  type 
used  for  commercial  instruments.  The  Weston  iron-vane 
anmieter  operates  on  the  same  principle  as  the  iron-vane  volt- 
meter, Par.  34.  The  magnetizing  coil  in  the  ammeter  is  wound 
with  a  few  turns  of  heavy  wire  instead  of  with  the  large  number 
of  tiu-ns  of  fine  wire  used  with  the  voltmeter. 

The  General  Electric  Co.'s  inclined-coil  ammeter  is  of  the 
same  construction  as  the  voltmeter,  except  that  the  coil  is  wound 
with  coarse,  instead  of  with  fine,  wire.     (See  Fig.  60.) 

36.  Hot-wire  Instruments. — This  type  of  instrument,  described 
in  Vol.  I,  Chap.  VII,  page  136,  reads  equally  well  on  both  direct- 
and  alternating-current  circuits.  As  its  deflection  depends  upon 
the  square  of  the  current  {PR  loss)  the  hot-wire  instrument  can 
be  used  as  a  transfer  from  alternating  to  direct  current  and  vice 
versa.    This  type  of  instrument  lacks  high  precision. 

37.  Alternating-current  Watthour  Meter. — The  direct-current 
watthour  meter  can  be  used  with  alternating  current,  as  the 
reversal  of  line  voltage  reverses  both  its  armature  and  its  field 
current  simultaneously  and  the  direction  of  the  torque  remains 
unchanged.  At  low  power-factors,  however,  considerable  error 
may  be  introduced  by  the  inductance  of  the  armature  circuit. 
This  causes  the  armature  current  to  lag  the  line  voltage  by  a 
small  angle  and  although  this  has  negUgible  effect  at  or  near 
imity  power-factor,  the  error  at  low  power-factor  is  quite  pro- 
nounced. This  error  may  be  compensated  by  shunting  the  cur- 
rent coils  of  the  meter  with  a  low  non-inductive  resistance. 

The  induction  watthour  meter  is  so  much  cheaper  and  so  supe- 
rior to  the  direct-current  type  that  there  is  little  necessity  for 
using  the  direct-ciurent  type  on  alternating-current  circuits. 

A  rear  view  of  one  type  of  induction  meter  is  shown  in  Fig.  61. 
P  is  a  potential  coil  which  is  highly  inductive  and  is  placed  on  one 
lug  of  the  laminated  magnetic  circuit,  this  lug  being  over  the  disc 
D.  CC  are  two  series  or  current  coils  placed  on  two  projecting 
lugs  beneath  the  disc.  These  coils  are  so  wound  that  if  one  tends 
to  send  flux  upward  the  other  tends  to  send  it  downward,  cw 
is  a  small  auxiliary  or  compensating  winding  placed  on  the 
potential-lug  and  its  ends  are  connected  to  the  resistance  R.  In 
order  that  the  meter  may  register  correctly,  the  potential-coil 
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flux  must  lag  the  line  voltage  by  90°.  As  it  Ib  impossible  to  make 
the  resiBtance  of  the  potential-coil  zero,  it«  current  will  lag  by  an 
angle  less  than  90°.  At  low  power-factors  this  introduces  con- 
siderable error  in  the  meter  registration.  However,  by  properly 
adjusting  the  resistance  R, 
the  potential-coil  ^ui  may 
be  brought  into  the  90° 
relation  and  the  meter  will 
register  substantially  cor- 
rectly  at  all  power-factors. 
I  To  adjust  the  compen- 
sation, the  meter  is  made 
correct  at  unity  power- 
factor  and  then  the  power- 
factor  is  dropped  to  some 
low  value,  as  0.5.  If  the 
registration  is  now  in  error, 
it  is  due  to  improper  com- 
D  of  induction  watthour  pensation.  The  meter  is 
*"*  '■  again  made  to  register  cor- 

rectly by  changing  the  resistance  R,  the  two  small  wires  of  this  re- 
sistance being  either  twisted  or  untwisted  and  then  soldered.  If 
the  meter  under-registers  when  the  load  current  lags,  the  resistance 
jffi  should  be  decreased;  if  the  meter  over-registers  with  laj^ng  cur- 
rent the  resistance  R  should 
be  increased.  The  reverse  is 
true  with  leading  current. 

L  ia  a  small  metallic  stamp- 
ing placed  under  the  potential 
lug  and  can  be  moved  later- 
ally by  means  of  the  lever  K. 
Its  function  is  to  provide  the  Fio.  62. — Shaded-polo  principle  of  the 
small   torque   just   necessary  light-ioad  adjustment. 

to  overcome  the  friction  of  the  meter.     The  operation  of  this 
adjustment  is  as  follows: 

Figure  62  shows  the  stamping  under  the  lug,  set  off  center. 
When  the  flux  starts  to  pass  down  through  the  lug  a  current  is 
immediately  induced  in  the  short-circuited  stamping.  This 
current,  by  Lenz's  law,  opposes  the  flux  entering  the  stamping  ao 
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that  the  flux  is  crowded  to  the  left-hand  side  of  the  lug  as  shown. 
When  the  flux  starts  to  decrease,  the  current  in  the  short-circuited 
stamping  tends  to  oppose  the  decrease  in  the  flux.  This  retards 
the  time-phase  of  the  flux  in  the  right-hand  side  of  the  lug  with 
respect  to  that  in  the  left-hand  side  of  the  lug.  The  result  is 
a  sweeping  of  the  flux  from  left  to  right  across  the  lug.    This 
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Fig.  63. — Gliding  field  in  air-gap  of  induction  watthour  meter. 

sliding  flux  cuts  the  disc  and  sets  up  eddy  currents  in  it.  These 
currents,  reacting  with  the  flux,  produce  a  torque  tending  to 
drive  the  disc  in  the  direction  in  which  the  stamping  is  displaced 
from  its  position  of  symmetry.  This  is  the  "shaded-pole" 
principle  which  is  also  used  to  start  small  single-phase  induction 
motors.     (See  Par.  119,  Page  298.) 

5 


66  ALTERNATING  CURRENTS 

The  driving  torque  of  the  meter  at  unity  power-factor  is  pro- 
duced as  follows:  Figure  63  (a)  shows  the  current  and  the  voltage 
wave  in  phase.  K  the  meter  is  properly  lagged  the  potential 
flux  (pp  is  90®  behind  E.  The  current  flux  <pi  is  in  phase  with  J. 
Figure  63  (6)  shows  the  magnetic  polarities  of  the  meter  poles 
for  the  various  times  indicated  in  (a).  At  1  the  current  is  zero 
so  that  no  flux  is  produced  by  the  current-coils.  The  potential- 
coil  flux  is  a  negative  maximum  so  that  the  potential-pole  is  S. 
Therefore  the  two  current  lugs  must  be  N  poles.  At  2  the  poten- 
tial-coil flux  is  zero,  but  the  current  is  a  maximum.  Therefore, 
the  lower  poles  will  be  N  and  S  as  shown  and  the  potential-lug 
will  have  an  S  on  one  side  and  an  N  on  the  other.  At  3  the 
upper  lug  is  N  and  the  two  lower  ones  S.  Times  4  and  5  are 
also  shown,  5  corresponding  to  1. 

In  (1),  the  entire  upper  lug  is  an  /S-pole.  In  (2),  this S-pole has 
diminished  in  magnitude,  has, moved  toward  the  left-hand  side 
of  the  lug  and  an  JV-pole  appears  on  the  right-hand  side  of  this 
lug.  In  (3),  an  iV-pole  occupies  the  entire  upper  lug,  and  in  (4) 
this  has  diminished  and  moved  toward  the  left  side  of  the  lug. 

A  similar  cycle  takes  place  on  the  two  lower  lugs.  In  (1), 
both  lugs  are  iV-poles  making  one  large  iV-pole.  In  (2),  this  large 
iV-pole  has  diminished  and  moved  toward  the  left,  being  followed 
by  an  S-pole  appearing  on  the  right.  In  (3),  the  JV-pole  has  dis- 
appeared, both  lugs  becoming  S-poles,  etc.  By  following  the 
cycle,  it  will  be  observed  that  an  JV-pole  moves  from  right  to  left 
on  both  the  upper  and  lower  lugs.  Similarly  an  S-pole  does  like- 
wise, following  the  JV-pole.  Therefore,  the  field  "glides'* 
laterally  through  the  gap.  In  so  doing,  it  cuts  the  disc  and 
induces  eddy  currents.  These  eddy  currents  induced  in  the  disc 
react  with  this  gliding  field  and  by  Lenz's  law  the  disc  tends  to 
follow  the  field.     (See  Induction  Motor,  par.  98,  page  225.) 

If  the  power-factor  be  zero,  <^»,  Fig.  63  (a),  will  be  either  in 
time-phase  with  </>p  if  the  current  lags  or  will  be  180®  out  of 
phase  with  4>p  if  the  current  leads.  In  either  case,  if  instantane- 
ous values  of  flux  be  taken,  as  in  Fig.  63  (6),  it  will  be  found 
that  there  is  no  lateral  displacement  of  the  field  in  the  gap  but 
merely  a  sinusoidal  pulsation  of  flux  up  and  down  in  the  gap. 
Under  these  conditions  the  torque  acting  on  the  disc  is  zero. 

The  disc  of  the  induction  meter,  like  that  of  the  direct-current 
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meter,  cuts  a  field  of  constant  strength  produced  by  permanent 
magnets.  This  causes  a  retarding  torque  which  is  proportional 
to  the  speed  of  the  disc.  Therefore,  both  the  driving  torque 
(motor  action)  and  the  retarding  torque  (generator  action)  are 
produced  on  the  same  disc. 

Calibration  and  Adjustment  of  the  Induction  Watthour  Meter, — 
The  induction  watthour  meter  is  calibrated  in  much  the  same 
manner  as  the  direct-current  watthour  meter.  A  standard  indi- 
cating wattmeter  is  used  to  measure  the  average  power  over  a 
stated  interval  and  the  revolutions  of  the  disc  of  the  watthour 
meter  are  counted  with  the  aid  of  a  stop  watch.  The  average 
meter  watts  are  calculated  by  means  of  the  equation 
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Fig.  64. — Connections  for  testing  alternating-current  watthour  meter. 

where  K  is  the  meter  constant,  N  the  revolutions  of  the  disc  and 
t  the  time  in  seconds. 

As  a  rule,  an  ammeter  and  a  voltmeter  are  used  in  connection 
with  such  a  test,  as  shown  in  Fig.  64,  in  order  to  determine  the 
power-factor.  Instrmnent  losses  should  be  carefully  investigated 
and  corrections  made  if  necessary. 

After  the  meter  is  adjusted  at  full  load  and  unity  power-factor 
by  means  of  the  retarding  magnets,  it  is  adjusted  at  light  load 
by  means  of  the  light-load  adjustment.  The  power-factor  is 
then  lowered.  Any  error  occurring  now  must  be  due  to  improper 
lagging.  The  registration  is  then  made  correct  by  adjusting 
the  resistance  R,  Fig.  61,  which  is  in  series  with  the  lagging  coil. 
If  the  meter  registers  low  with  lagging  current,  the  resistance 
R  should  be  decreased;  if  it  registers  high  the  resistance  R  should 
be  increased.  With  leading  current  these  operations  should 
be  reversed. 
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The  induction  watthour  meter  has  certain  advantages  over  the 
direct-current  meter.  As  there  is  no  coil-wound  armature  in 
addition  to  the  disc,  the  rotating  element  of  the  induction  meter 
is  much  lighter  than  that  of  the  direct-current  meter.  Moreover, 
it  has  no  commutator  or  delicate  bruBhes,  which  are  frequent 
sources  of  trouble  with  the  direct-current  meter. 

The  induction  meter  is  also  made  in  the  polyphase  type.  Two 
single-phase  elements  act  on  a  common  spindle.  There  are  two 
seta  of  damping  magnets,  (For  a  more  detailed  analysis,  see 
"Electrical  Measurements"  by  F.  A.  Laws.) 

38.  Frequency  Indicators. — Frequency  indicators  are  based 
on   two   principles,   that  of   electrical   resonance   and   that  of 
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Fig.  66. — Prahm  vibrating-reed  frequency 


mechanical  resonance.  The  latter  type  is  the  more  common  and 
is  simpler  in  operation.  A  number  of  steel  reeds,  each  having  a 
white  index  on  its  end,  are  clamped  between  two  metal  strips. 
Each  reed  has  its  own  mechanical  frequency  of  vibration.  Be- 
hind this  bank  of  reeds  there  is  an  electromagnet,  the  coil  of 
which  is  excited  by  the  circuit  whose  frequency  it  is  desired  to 
measure.  The  reed  whose  frequency  is  that  of  the  circuit  will 
vibrate  with  the  greatest  amplitude.  Fig.  65.  With  the  excep- 
tion of  one  or  two  reeds  near  this  one,  none  of  the  others  will  be 
affected.  Therefore  the  frequency  is  determined  by  noting  the 
scale  reading  opposite  this  reed.  Were  the  reeds  unpolarized, 
they  would  be  attracted  equally  well  by  either  a  north  or  a 
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south  pole.  An  adjacent  permanent  magnet  keeps  the  reeds 
polarized,  so  that  the  reed  of  a  particular  mechanical  frequency 
will  respond  to  the  same  electrical  frequency.  The  reeds  are 
usually  so  arranged  that  there  is  a  reed  for  every  half  cycle. 
Figure  65  shows  the  Frahm  type  of  indicator,  as  manufactured 
by  Hartmann  and  Braun. 

39.  Power-factor  Indicators. — Power-factor  indicators  and 
synchroscopes  are  based  on  the  principle  of  the  Tuma  phase- 
meter.  In  Fig.  66,  F  is  a  fixed  coil  carrying  the  circuit  current. 
MM'  are  two  flat  coils  wound  with  fine  wire.  They  are  fastened 
rigidly  together  and  mounted  on  a  spindle  free  to  rotate.    There 


Load 


FiQ.  66. — Principle  of  Tuma  phase-meter. 


is  no  mechanical  control  whatever  of  this  moving  element,  such 
as  springs,  for  example.  The  angle  between  the  coils  is  90*^, 
or  nearly  so.  The  windings  of  the  two  coils  MM'  are  connected 
together  at  the  common  point  A,  and  A  is  connected  to  the  same 
side  of  the  circuit  as  F.  A  non-inductive  resistance  R  is  con- 
nected between  M  and  the  other  side  of  the  line.  A  high  induc- 
tance L  is  connected  between  M'  and  the  other  side  of  the  line. 
The  currents  in  M  and  M '  may  be  assumed  to  differ  by  90®  in 
time-phase.  Assume  that  the  power-factor  of  the  load  is  unity. 
The  current  in  coil  M'  lags  the  line  voltage  by  90®,  hence  lags 
the  flux  due  to  coil  F  by  90®  and  therefore  exerts  no  torque.  The 
current  in  coil  M  is  in  time-phase  with  the  line  voltage  and 
hence  with  the  flux  due  to  coil  F  and  will  therefore  move  into 
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the  plane  of  coil  F  as  there  is  no  restraining  torque.  Hence,  at 
unity  power-factor,  the  entire  moving  element  takes  such  a 
position  that  the  coil  Af  is  in  the  plane  of  coil  F. 

If  the  power-factor  of  the  load  is  zero,  the  ciu^rent  and  the 
voltage  differ  in  phase  by  90"^.  Hence  the  current  in  coil  M  and 
the  flux  due  to  coil  F  have  a  time-phase  difference  of  90°,  and 
coil  M  exerts  no  turning  moment.  However,  the  current  in  coil 
M'  is  now  in  time-phase  with  the  flux  due  to  coil  F,  and  therefore 
coil  M '  will  move  into  the  plane  of  coil  F.  The  moving  system  will 
then  have  a  position  of  90®  from  its  position  at  unity  power- 
factor.  That  is,  when  the  current  changes  its  time-phase  by  90®, 
the  moving  element  of  the  indicator  changes  its  space-position 
by  90®.    The  direction  in  which  the  element  turns  depends  on 


Rg.  67. — Three-phase  power-factor  indicator. 


whether  the  current  lags  or  leads  the  voltage.  For  intermediate 
power*f  actors,  it  can  be  shown  that  the  angle  of  the  moving  sys- 
tem corresponds  to  the  circuit  power-factor  angle.  If  the  scale 
is  calibrated  in  degrees,  the  pointer  can  be  made  to  indicate  the 
power-factor  angle  of  the  circuit.  To  make  the  indicator  read 
power-factor,  it  is  necessary  merely  to  make  the  scale  divisions 
proportional  to.  the  cosine  of  the  power-factor  angle.  In  prac- 
tice the  current  is  led  into  the  moving  system  through  strips  of 
anuealed  silver  foil  which  exert  no  appreciable  control  oh  the 
moving  system. 

As  it  is  impossible  to  obtain  either  a  pure  resistance  or  a  pure 
inductance,  the  currents  in  coils  M  and  M'  will  not  differ  ex- 
actly by  90®  in  time-phase.  It  can  be  shown  that  if  the  space 
angle  between   coils  M  and  M'  be  made  equal  to  the  angle 
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of  phase  difference  of  their  currents,  the  instrument  indicates 
correctly. 

If  the  angle  between  the  two  coils  MM'  be  made  120**,  as 
shown  in  Fig.  67,  the  instrument  can  be  made  to  indicate  three- 
phase  power-factor,  if  the  system  is  balanced.  Non-inductive 
resistances  R,  R  are  now  connected  in  series  with  each  of  the 
moving  coils.  The  fixed  coil  is  connected  in  one  line  of  the  three- 
phase  system  and  the  conmion  terminal  of  the  two  moving  coils 
connects  to  this  same  line.  The  other  terminal  of  each  of  the 
moving  coils  connects  to  one  of  the  other  two  Unes  of  the  three- 
phase  system,  as  shown  in  Fig.  67.  This  is  the  scheme  of  con- 
nections for  the  power-factor  indicator  of  the  General  Electric 
Co.,  so  often  seen  on  switchboards.  The  instrument  indicates 
the  three-phase  power-factor  if  the  system  is  very  nearly  bal- 
anced. If  the  system  is  unbalanced,  the  reading  has  little 
significance. 

40.  Synchroscope. — ^Before  connecting  an  alternator  to  the 
bus-bars  and  in  parallel  with  other  alternators,  it  is  necessary  not 
only  that  its  voltage  be  the  same  as  that  of  the  bus-bars  but  that 
it  be  in  phase  opposition  as  well.  This  corresponds  to  having 
direct-current  generators  of  the  same  polarity  before  connecting 
them  in  parallel. 

A  sjnachroscope  is  an  instrument  for  indicating  when  machines 
are  in  the  proper  phase  relation  for  connecting  in  parallel,  and 
at  the  same  time  for  showing  whether  the  incoming  machine 
is  running  fast  or  slow.  This  type  of  instrument  is  based  on 
the  principle  of  the  power-factor  indicator.  A  diagram  of  one 
type  of  synchroscope  is  shown  in  Fig.  68.  A  horse-shoe  magnetic 
circuit  is  excited  by  a  winding  which  connects  to  the  incoming 
machine,  usually  through  a  potential  transformer.  The  moving 
coils  are  the  same  as  those  of  the  Tuma  phase-meter,  except  that 
the  connections  are  made  through  slip-rings.  This  allows  the 
coils  to  revolve  freely.  The  moving  element  is  connected  across 
the  bus-bars,  usually  through  potential  transformers.  If  the 
incoming  machine  has  the  same  frequency  as  the  bus-bars, 
the  pointer  remains  stationary.  When  the  machines  are  in  the 
proper  phase  relation  for  closing  the  switch,  the  pointer  is  over  an 
index  on  the  dial,  this  position  being  shown  in  Fig.  69.  The 
direction  of  rotation  of  the  pointer  shows  whether  the  incoming 
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machine  is  fast  or  slow.  The  generator  switch  is  usually  thrown 
when  the  pointer  is  rotating  slowly  in  the  "fast"  direction  and 
is  approaching  the  index.  Figure  6d  shows  a  General  Electric 
synchroscope  and  its  mounting. 


41.  The  Oscillograph. — It  is  often  desired  to  investigate  tran- 
sient conditions  in  electrical  circuits,  such,  for  example,  as  the 
current  and  the  voltage  relations  during  the  blowing  of  a  fuse,  or 
during  the  short-circuit  of  an  alternator,  or  in  oscillations  pro- 
duced by  switching,  etc.  Further,  it  is  desirable  to  have 
apparatus  which  will  show  the  current  and  the  voltage  waves  in 
alternating-current  circuits  during  steady  conditions.  The 
oscillograph  is  an  instrument  which  is  capable  of  meeting  these 
requirements. 
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Its  principle  is  quite  simple,  being  that  of  a  D'Arsonval  galva- 
nometer (Vol.  I,  Chap.  VII,  page  123),  as  shown  in  Fig.  70(a). 
A  small  phosphor-bronze  strip  or  filament  is  stretched  over  two 
clefts,  CC,  around  a  small  pulley  P  and  back  again.  The  spring 
S  acting  on  the  pulley  keeps  the  two  lengths  of  the  strip  in  ten- 
sion. This  filament  is  placed  between  the  poles  of  a  strong  elec- 
trom^net.  When  a  current  flows  through  the  filament,  one 
length  of  the  filament  moves  outwards  and  the  other  inwards. 
A  very  small  mirror  M  is  cemented  across  the  two  lengths  of  the 
filament  and  is  given  a  rocking  motion  by  this  movement  of  the 
filament.  If  a  beam  of  light  be  reflected  from  this  mirror,  it 
will  be  drawn  out  into  a  straight  line  by  the  mirror  vibration.     If 


Vibrating  element  of  oscillograph.  Method  or  drawing  oi 

Fio.  70. 


this  beam  of  light  be  made  to  strike  a  rotating  mirror,  in  the  man- 
ner shown  in  Fig.  70  (6),  the  rotation  of  the  mirror  introduces 
a  time  element  and  the  wave  is  drawn  out  bo  that  its  character- 
istics are  shown. 

The  instrument  is  merely  a  galvanometer  having  a  single  turn 
and  a  very  light  moving  element.  This  makes  the  moment 
of  inertia  very  small.  Also,  the  filament  is  under  considerable 
tension,  so  that  its  natural  frequency  of  vibration  is  very  high, 
being  from  3,000  to  10,000  cycles  per  second.  These  character- 
istics are  necessary  in  order  that  the  filament  may  respond 
accurately  to  the  comparatively  high  frequency  variations  which 
it  is  called  upon  to  follow.  The  moving  element  is  usually 
immersed  in  oil  so  that  its  movement  is  properly  damped  and 
the  filament  is  kept  cool. 


74 


ALTERNATING  CURRENTS 


Figure  71  shows  the  general  arrangement  of  a  laboratory  type 
of  oscillograph. 

The  light  from  the  arc  lamp  strikes  the  two  total-reflecting 
prisms  by  means  of  which  the  beam  is  turned  at  right  angles  and 
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Fig.  71. — Typical  oscillograph. 


directed  upon  the  vibrator  mirrors  at  V.  These  mirrors  reflect  the 
light  back  through  the  cylindrical  lens,  which  concentrates  the 
beam.  A  plane  mirror  M  reflects  the  light  down  to  a  rotating 
mirror  which  in  turn  reflects  it,  drawn  out  as  a  wave,  on  the 
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Fig.  72. — Method  of  connecting  oscillograph  vibrators  in  circuit. 

viewing  screen.  It  is  often  desired  to  obtain  a  photographic 
record  of  the  phenomena  which  occur.  For  this  purpose  a  sensi- 
tive photographic  film  is  wound  on  the  film  drum,  which  is 
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driven  by  a  motor.  The  mirror  M  is  then  pulled  up  out  of  the 
way  and  a  mechanism  causes  the  shutter  to  open  and  close  dur- 
ing one  revolution  of  the  drum.  In  this  case  the  time  axis  is 
furnished  by  the  movement  of  the  film. 

The  oscillograph  vibrators  are  connected  into  the  circuit 
in  the  same  manner  as  direct-current  ammeter  and  voltmeter 
coils  are  connected,  Fig.  72.  As  the  current  vibrator  can  carry 
but  a  small  current,  about  0.1  amp.,  it  is  connected  in  parallel 
with  a  non-inductive  shunt  which  is  in  series  with  the  line.  The 
voltage  vibrator  is  connected  across  the  line  in  series  with  a  high 
non-inductive  resistance.  The  current  vibrator  will  then  vibrate 
with  an  amplitude  proportional  to  the  circuit  cmrent  and  in 
phase  with  it.  The  current  through  the  voltage  vibrator  will  be 
proportional  to  the  circuit  voltage  and  in  phase  with  it. 


CHAPTER  IV 
POLYPHASE  SYSTEMS 

42.  Reasons  for  the  Use  of  Polyphase  Currents. — In  many 
industrial  applications  of  alternating  current,  there  are  objections 
to  the  use  of  single-phase  power. 

In  a  single-phase  circuit,  the  power  deUvered  is  pulsating. 
Even  when  the  current  and  voltage  are  in  phase,  the  power  is  zero 
twice  in  each  cycle,  as  shown  in  Fig.  19,  page  22.  When  the 
power-factor  is  less  than  unity,  the  power  is  not  only  zero  four 
times  in  each  cycle,  but  it  is  also  negative  twice  in  each  cycle. 
This  means  that  the  circuit  returns  power  to  the  generator  for  a 
part  of  the  time.  This  is  analogous  to  a  single-cylinder  gasoline 
engine  in  which  the  fly-wheel  returns  energy  to  the  cyUnder  diu'- 
ing  the  compression  part  of  the  cycle.  Over  the  complete  cycle, 
both  the  single-phase  circuit  and  the  fly-wheel  receive  an  excess 
of  energy  over  that  which  they  return  to  the  source.  The  pul- 
sating nature  of  the  power  in  single-phase  circuits  makes  such 
circuits  objectionable  in  many  instances. 

A  polyphase  circuit  is  somewhat  like  a  multi-cylinder  gasoline 
engine.  With  the  engine,  the  power  delivered  to  the  fly-wheel 
is  practically  steady,  as  one  or  more  cylinders  are  firing 
when  the  others  are  compressing.  This  same  condition  exists  in 
polyphase  electrical  systems.  Although  the  power  of  any  one 
phase  may  be  negative  at  times,  the  total  power  is  constant  if  the 
loads  are  balanced.  This  makes  polyphase  systems  highly 
desirable  for  power  purposes. 

The  rating  of  a  given  motor,  or  generator,  increases  with  the 
number  of  phases,  an  important  consideration.  Below  are  the 
approximate  capacities  of  a  given  machine  for  different  numbers 
of  phases,  assuming  the  single-phase  capacity  as  100. 

Single-phase 100 

Two-phase 140 

Three-phase 148 

Six-phase 148 

Direct-current 154 

76 


POLYPHASE  SYSTEMS  77 

The  same  machine  operating  three-phase  or  six-phase  has  about 
50  per  cent,  greater  capacity  than  when  operating  single-phase. 
A  machine  has  the  same  capacity  whether  connected  three-phase 
or  six-phase,  because  the  same  windings  are  used  in  the  same 
manner  for  each.  (The  foregoing  table  does  not  apply  to  syn- 
chronous converters.  The  ratio  of  polyphase  to  single-phase 
capacity  in  converters  is  much  greater  than  that  shown  in  the 
above  table.    See  page  355.) 

A  minor  consideration  in  favor  of  three-phase  power  is  the  fact 
that  with  a  fixed  voltage  between  conductors,  the  three-phase 
system  requires  but  three-fourths  the  weight  of  copper  of  a  single- 
phase  system,  other  conditions  such  as  distance,  power  loss,  etc., 
being  fixed. 

43.  Symbolic  Notation. — ^The  solutions  of  problems  involving 
circuits  and  systems  containing  a  number  of  ciiitentis  and  volt^ 


ha~ I 


-Eah 
a  (b)  ^  ^ah 

(a) 
Fig.  73. — Symbolic  notation  applied  to  voltage  and  current  vectors. 

ages  are  simplified  and  are  less  susceptible  to  error  if  the  current 
and  voltage  vectors  are  designated  by  some  systematic  notation, 
of  which  the  following  is  one  type.  If  a  voltage  is  acting  to 
send  current  from  point  a  to  point  6,  Fig.  73  (a),  it  shall  be  de- 
noted by  Eab'  On  the  other  hand,  if  the  voltage  tends  to  send 
current  from  6  to  a  it  shall  be  denoted  by  Eba^  Obviously, 
Eab  —  "Eha'  It  may  seem  as  if  alternating  ciurents  cannot  be 
considered  as  having  direction  since  they  are  undergoing  con- 
tinual reversal  in  direction.  The  assumed  direction  of  a  current, 
however,  is  determined  by  the  actual  direction  of  the  flow  of 
energy.  In  an  alternator  the  energy  comes  ovi  of  the  armature 
and  the  current  is  considered  as  flowing  ovi  of  the  armature, 
even  although  it  is  actually  flowing  into  the  armature  for  half  the 
time. 
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Corresponding  to  the  voltage  Eah,  Fig.  73  (a),  the  current  Idb 
flows  from  a  to  b  in  virtue  of  this  voltage.  The  current  flowing 
from  b  to  a  must  be  opposite  in  direction  to  that  flowing  from  a 
to  6.  Therefore  ha  =  —  lab-  This  relation  is  illustrated  in  Fig. 
73  (6),  in  which  lah  diflfers  in  phase  from  ha  by  180**.  Eha  is 
180**  from  Eah. 
Figure  74  represents  a  circuit  network  abode.  The  parts  of  the 
^  network,    ab,   be,  etc.,  may  be 

either  resistances,  inductances, 
capacitances,  or  sources  of  emf. 
such  as  alternator  or  transformer 
•  coils.  It  is  obvious  that  the 
voltage  from  a  to  c  is  equal  to 
the  voltage  from  a  to  6  plus  the 
voltage   from  b  to  c.    That  is, 

flac  =    -Fa6   H"    -Fftf       It     is    to    be 

noted  that  when  several  voltages  in  series  are  being  considered, 
the  first  letter  of  each  subscript  must  be  the  same  as  the  last 
letter  of  the  preceding  subscript.  Figure  75  (a)  shows  vectorially 
the  voltage  Eab  and  the  voltage  Eeb*  To  obtain  the  voltage  Eaa 
Ehc  is  necessary.  Therefore  Eob  is  reversed  giving  Ebc»  Ebe  added 
vectorially  to  Eab  gives  E 


Fig.  74. — Circuit  network. 


ae* 


B. 


\ 


^Eab 


lab^fbc-^Ibd 


Eel 

(a)  (b) 

FiQ.  75. — Examples  of  symbolic  notation. 


Currents  may  be  treated  in  a  similar  manner,  the  principle 
involved  being  Kirchhofif's  first  law.  For  example,  in  Fig.  74,  the 
current  lab  =  he  +  hd-  Figure  75  (6)  shows  currents  Ibc  and 
/db.  Idb  is  reversed  giving  ha  and  this  is  combined  vectorially 
with  he  to  obtain  lab. 

This  notation  not  only  distinguishes  the  various  currents  and 
voltages  but  the  directions  in  which  they  act  as  well.     It  is  to 
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be  noted  that  the  use  of  arrows  is  not  necessary,  the  subscripts 
denoting  the  directions  of  the  vectors. 

44.  Generation  of  a  Three-phase  Current. — As  three-phase 
is  now  the  most  common  of  the  polyphase  systems,  it  will  be 
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Fig.  76. — Generation  of  3-phase  current. 

considered  first.  Figure  76  (a)  shows  three  simple  coils,  120** 
apart  and  fastened  rigidly  together.  These  coils  are  mounted 
on  an  axis  which  can  be  rotated.  The  coils  are  shown  rotating 
in  a  counter-clockwise  direction  in  a  uniform  magnetic  field. 
The  current  can  be  conducted  from  each  of  these  three  coils  by 


Eoa 


(6) 


/ 

v./  (a) 
Fig.  77. — Three-phase  voltage  waves  and  vector  diagram. 


^ob 


means  of  slip-rings,  as  shown  in  Fig.  76  (6).  The  terminals  of 
coil  a  are  connected  to  rings  a',  those  of  b  to  rings  6',  etc.,  making 
six  slip-rings  in  all. 

Figure  77  (a)  shows  as  Eoa  the  voltage  in  coil  a.    Eoa  is  zero 
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and  is  increasing  in  a  positive  direction  when  the  time  t  is  0. 
Obviously  the  voltage  induced  in  coil  b  will  be  120  electrical  time- 
degrees  behind  Eoa  and  that  induced  in  coil  c  will  be  240  elec- 
trical time-degrees  behind  Eoa,  as  shown  in  Figs.  77  (a)  and  77 
(6).  These  three  voltages  constitute  the  elementary  voltages 
generated  in  a  three-phase  system. 

An  examination  of  Fig.  77  (a)  shows  that  for  any  particular 
instant  of  time,  the  algebraic  sum  of  these  three  voltages  is  zero. 
When  one  voltage  is  zero,  the  other  two  are  86.6  per  cent,  of  their 
maximum  values  and  have  opposite  signs.  When  any  one 
voltage  wave  is  at  its  maximum,  each  of  the  others  has  the 
opposite  sign  to  this  maximum  and  each  is  50  per  cent,  of  its 
maximum  value. 

Figure  77  (6)  shows  the  vectors  representing  these  three  volt- 
ages, the  vectors  being  120°  apart. 

Each  of  the  coils  of  Fig.  76  (a)  can  be  connected  through  its 
two  slip-rings  to  a  single-phase  circuit.  This  gives  six  slip-rings 
and  three  independent  single-phase  circuits.  With  a  rotating 
field  and  stationary  armature  type  of  generator,  which  is  the 
most  common  type  met  in  practice,  the  six  slip-rings  would 
not  be  necessary,  but  six  leads  would  be  taken  directly  from  the 
armature. 

In  practice,  however,  a  machine  seldom  supplies  three  inde- 
pendent circuits  by  the  use  of  six  wires. 

46.  Y-connection. — The  three  coils  of  Fig.  76  are  shown  in 
simple  diagrammatic  form  in  Fig.  78.  The  three  corresponding 
ends,  one  for  each  coil,  are  tied  together  at  the  common  point  o. 
This  is  called  the  Y-connection  of  the  coils.  Ordinarily  only 
three  wires,  aa\  66'  and  cc\  lead  to  the  external  circuit,  although 
the  neutral  wire  oo'  is  sometimes  carried  along,  making  a  three- 
phase,  four-wire  system. 

Figure  79  (a)  again  shows  the  three  coils  and  Fig.  79  (6)  the 
three  corresponding  voltage  vectors.  Boat  ^ob,  and  Eoe>  These 
three  voltages  are  called  the  coil  or  Y-voltages.  Let  it  be 
required  to  find  the  three  line  voltages  Eab,  Ebc  and  Eca*  The  line 
voltage  ^ab  =  ■t!ao  +  f!ob  (Par.  43).  Sao  is  not  on  the  original 
diagram  but  is  obtained  by  reversing  Eoa-  Eao  is  then  added 
vectorially  to  Eob  giving  Eab- 

From  geometry,  Eab  lags  the  coil  voltage  Eob  by  30°  and  is 
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150**  behind  £©«.  Also,  Eat  is  numerically  equal  to  \/3  Eob  = 
1.73  Eob-  In  a  similar  manner  JSlbc  =  f!bo  +  ^oc  and  ^ea  =  ^co+^Foo. 
These  three  line  voltages  are  shown  in  Fig.  80. 

It  is  to  he  noted  thai  in  a  balanced  Y -system,  the  three  line  voUages 
are  all  equal  and  are  120**  apart.     Each  line  voUage  is  30**  ovt  of 


N 


Fig.  78. — Y-connection  of  generator  coils. 

phxise  with  one  of  its  respective  coil  voltages.     The  three  line  voU- 
ages are  each  -\/3;  or  1.73,  times  the  coil  voUo/ge, 

It  is  obvious  from  Fig.  79  (a)  that  the  three  coil  currents 
loa,  lob  and  loe  are  respectively  equal  to  the  three  line  currents 
laa'f  Ibb'  and  Ice^y  as  the  coil  and  Une  are  in  series. 


Eea 


o  a 


w^ 


^ab 


-C' 


-a' 


^^bc 


V 


^ab^^ao-^Eob 


Eob 


(a)  (b) 

Fig.  79. — Y-connection  and  corresponding  voltage  vector  diagram. 

Therefore^  in  a  Y-system  the  line  currents  and  the  respective  coil 
currents  are  equal.  Moreover,  as  the  three  coils  meet  at  a  com- 
mon point,  the  vector  sum  of  the  three  currents  must  be  zero  by 
Kirchhoff's  first  law,  provided  there  is  no  neutral  conductor  and 
current.     That  is 

loo  +  /o6  +  /oc   =   0 
6 


82 


ALTERNATINO  CURRENTS 


Power  in  Y-aystem. — Figure  80  shows  the  three  currents  /««, 
lob  and  loe  of  coUs  oa,  oh,  and  oc  respectively.  Unity  power-factor 
is  assumed  and  the  three  currents  are  therefore  in  phase  with 
their  respective  coil  voltages.  A  balanced  system  is  assumed 
and  the  three  currents  are  therefore  equal  in  magnitude. 

The  coil  current  loa  and  the  line  current  laa'  are  the  same 
current.  Therefore,  the  line  current  laa'  is  30**  out  of  phase  with 
the  line  voltage  Beat  when  the  power-factor  is  unity.  This  is 
true  for  each  phase. 

The  power  delivered  by  each  coil  is 

P'  =  Eoa  loa  (unity  power-factor) 
and  the  total  power  delivered  by  the  generator  is  three  times  this. 

P   =  SEcoiJeoU 


Fig.  80. — Relation  of  line  to  coil  volt-  Fio.  81. — Relation  of  line  to  coil 
ages  and  currents  in  a  Y-system,  unity  voltages  and  currents  in  a  Y-eystem. 
power-factor.  Power-factor  =co8  d. 


As  the  power  in  the  line  is  the  same  as  that  delivered  by  the 
generator,  substituting  EuTtly/Z  for  the  value  of  Ecoih 

3  -. 

Eline    Icoil   =    v3J^Z»n«    hine  (29) 


P    = 


V3 


the  coil  current  and  the  line  current  being  equal. 

In  a  balanced  three-phase  system,  the  line  power  at  unity  power- 
factor  is  equal  to  \/3  times  the  line  voltage  times  the  line  current. 

Figure  81  shows  this  same  three-phase  system  when  the  power- 
factor  is  no  longer  unity.  Each  coil  current  now  lags  its  respec- 
tive coil  voltage  by  the  angle  6. 
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The  total  coil  power  is  now 

P  =  ZEeoU  I  coil  cos  B  coil 

The  system  power  is 

P    =    V^Eline  Iline    COS    dcoil  (30) 

\/3 
and  the  system  kw.  is  equal  to  Eunelnne  cos  dco*i 

1,000 

Therefore,  in  a  balanced  three-pha^e  system,  the  system  power- 
fa^or  is  the  cosine  of  the  angle  between  the  coil  current  and  the  coil 
voltage. 

The  angles  between  the  line  currents  and  the  line  voltages 
are  not  power-factor  angles,  for  they  involve  the  factors  {B  —  30®) 
(Fig.  81)  and  also  {B  +  30®),  B  being  the  coil  power-factor  angle. 

Obviously  the  system  power-factor,  which  is  the  coil  power- 
factor,  is 

P-F.  =     ^f    J  (31) 

wjiere  P  is  the  total  system  power. 

If  the  system  is  unbalanced,  that  is,  if  the  currents  or  voltages 
are  not  equal  or  are  not  120®  apart,  the  question  arises  as  to 
just  what  the  system  power-factor  is  under  these  conditions. 
Where  such  unbalancing  is  not  very  great,  equation  (31)  is  used, 
the  line  currents  and  voltages  being  averaged.  The  system 
power-factor  has  little  significance  when  the  unbalancing  is  con- 
siderable. 

Example. — ^A  three-phase  alternator  has  three  coils  each  rated  at  1,330 
volts  and  150  amp.  What  is  the  voltage,  kv-a.,  and  current  rating  of  this 
generator  if  the  three  coils  are  connected  in  F? 

Eiine  =  V3  X  1330  =  2,300  volts.     Ans, 
Rating  =  V3  X  2300  X  150  =  600  kv-a.    Ans. 
Current  rating  =  150  amp.     Ans. 

46.  Delta-connection. — The  three  coils  of  Fig.  76  can  be  con- 
nected as  shown  in  Fig.  82  (a),  the  diagram  being  simplified  in 
Fig.  82  (6).  The  end  of  each  coil,  which,  in  Fig.  78,  was  con- 
nected to  the  neutral,  is  now  connected  to  the  outer  end  of  the 
next  coil,  as  shown  in  Fig.  82  (a).  As  points  o  and  a  are  now 
connected  directly  together,  Eco  =  Eeo,  etc.  The  o's  are  now 
superfluous  and  are  dropped. 
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Fig.  83  (a)  shows  vectorially  the  three  voltages  Eab,  Ehcy  and 
Eeay  acting  from  a  to  6,  6  to  c,  and  c  to  a,  respectively. 

At  first  sight  Fig.  82  looks  like  a  short-circuit,  the  three  coils, 
each  containing  a  source  of  voltage,  being  short-circuited  on 


.6' 


Fig.  82. — The  delta-connection  of  alternator  coils. 

themselves.  The  actual  conditions  existing  in  this  closed  cir- 
cuit may  be  demonstrated  by  the  use  of  the  subscript  notation. 
Assume  that  the  coil  be  is  broken  at  c'.  Fig.  84  (a).  The  voltage 
^bc  =  ^ba  +  ^ae-  Thc  vcctor  sum  of  these  two  voltages,  shown  in 
Fig,  84  (6),  lies  along  voltage  Ebc'f  and  is  equal  to  it.     Therefore, 


Eca 


^aa^ 


'E 


ah 


ah 


(a) 


Fio.  83. — Relation  of  line  to  coil  voltages  and  currents  in  a  delta-system,  unity 

power-factor. 


the  voltage  Ec'c  =  0  and  points  c  and  c'  can  be  connected  without 
any  resulting  flow  of  current.  This  is  the  same  condition  which 
exists  when  two  direct-current  generators  having  equal  voltages 
are  connected  in  parallel.  No  current  flows  between  the  two  if 
the  proper  polarity  is  observed. 
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The  coil  currents  of  Fig.  82  are  shown  in  Fig.  83  in  phase 
with  their  respective  voltages,  balanced  conditions  being  assumed. 
The  line  current 

This  addition  is  made  vectorially  in  Pig.  83  (a),  giving  /««'  30° 
from  E^a'  It  will  be  observed  that  I  a  a'  is  \/3  times  the  coil 
current.  Line  currents  Iw  and  Ice"  may  be  found  in  a  similar 
manner,  with  the  result  shown  in  Fig.  83  (6).  Therefore,  in  the 
delta-system  there  is  a  phase  difference  of  30**  between  the  line 
currents  and  the  line  voltages  at  unity  power-factor,  just  as  in 
the  Y-system. 

It  is  obvious  that  the  line  voltage  is  equal  to  the  coil  voltage 
in  a  delta-system.  Moreover,  the  sum  of  the  three  voltages 
acting  around  the  delta  must  be  zero  by  Kirchhofif's  second  law. 


^^T X  ^<*^ 


Fio.  84. — Showing  that  the  sum  of  three  delta  voltages  is  zero. 

In  a  balanced  delta-system,  the  line  voltage  is  equal  to  the  coil 
voUa^e,  hut  the  line  current  is  \/3  times  the  coil  current. 

Figure  85  shows  three  lamp  loads,  each  requiring  10  amp.  at 
115  volts.  They  are  first  connected  in  Y  and  then  in  delta.  In 
order  to  supply  the  proper  voltage  in  each  case,  there  are  199 
volts  across  lines  in  the  Y-system  and  115  volts  in  the  delta- 
system.  There  are  10  amp.  per  line  in  the  Y-system  and  17.3 
amp.  per  Une  in  the  delta-system.  The  power  supplied  is  the 
same  in  each  system. 

Power  in  DeUa-system. — The  total  power  in  a  delta-system  is 

P   =   3  Ecoil  I  coil  cos    dcoii 
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This  power  is  equal  to  that  in  the  line,  as  there  is  no  intervene 
ing  loss.    Also,  the  line  current 


and 


Iline   =  V3  Icon 
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115-Volt  Lamp  Banks  Connected  m  t 
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llS-Volt  Lamp  Banks  Connected  in  Delta 
Fig.  85. — Lamp  loads  in  Y  and  in  delta. 


Hence,  substituting  in  the  above  equation 

P   =    y/Z  Eiine  Iline   COS  Ocoil 


(32) 


This  equation  is  the  same  as  equation  (30)  (page  83)  for  the 
Y-system.  This  should  be  so,  for  the  relations  in  a  three-phase 
line  are  the  same  whether  the  power  originates  in  a  delta-  or  in  a 
Y-connected  generator. 
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The  power-factor  of  the  delta-system  is  the  same  as  that  for  a 

Y-system. 

p 

=  cos  Bcaii  (33) 


P.F.  = 


VSEI 


where  P  is  the  total  power  of  the  system,  and  E  and  /  are  the 
line  voltage  and  line  current  respectively. 

The  denominator,  \/3  EI,  equation  (33),  gives  the  voU-amperes 
of  the  three-phase  system.  The  kihvoltHimperes  of  a  three-phase 
system  are  given  by  y/ZEI/ljQOO, 

METHODS  OF  MEASURING  POWER  IN  THREE-PHASE  SYSTEM 

47.  Three-wattmeter  Method.— Let  (1),  (2)  and  (3),  Fig.  86 
(a),  be  the  three  coils  of  either  a  Y-connected  alternator  or  of  a 
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Fio.  86. — The  3-wattmeter  method  of  measuring  3*phase  power. 

Y-connected  load.  If  the  neutral  of  the  Y  is  accessible,  it  is 
possible  to  measure  the  power  of  each  phase  by  connecting  the 
current-coil  of  a  wattmeter  in  series  with  the  phase  and  by  con- 
necting the  wattmeter  potential-coil  across  the  phase,  as  shown 
in  Fig.  86  (a).  Therefore  jTFi,  W2  and  Wz  measure  the  power 
in  loads  1,  2,  and  3  respectively,  regardless  of  power-factor, 
degree  of  balance,  etc. 
The  total  power 

P  ^Wi  +  W2  +  W% 

If  the  loads  are  balanced. 
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If  the  potential  circuits  of  the  three  wattmeters  have  equal 
resistances,  these  three  potential  circuits  constitute  a  balanced 
Y-load,  having  a  neutral  0'.  As  coils  1,  2,  and  3  and  these  three 
wattmeter  potential-circuits  are  both  symmetrical  systems,  O'must 
be  at  the  same  potential  as  0.  Therefore,  no  current  flows  between 
0  and  0'  and  the  line  can  be  cut  at  X  without  changing  existing 
conditions.  Figure  86  (6)  shows  the  three-wattmeter  connection 
for  a  three-phase  system.  It  can  be  shown  that  the  total  power 
is  the  sum  of  the  wattmeter  readings  even  though  the  wattmeter 
potential-circuits  have  different  resistances.  Under  these  condi- 
tions, however,  the  wattmeters  may  not  all  have  the  same  reading, 
even  with  balanced  loads. 


Source 
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....^-''''X.r' 


r-Box 


Fig.  87. — Use  of  the  Y-box  for  measuring  3*phase  power. 

The  three-wattmeter  method  is  well  adapted  to  measuring 
power  in  a  system  where  the  power-factor  is  continually  changing, 
as  in  obtaining  the  phase  characteristics  of  a  synchronous  motor. 
If  the  three  instruments  have  equal  potential-circuit  resistances, 
they  read  alike  regardless  of  power-factor,  if  the  loads  are  bal- 
anced. The  three-wattmeter  method  is  necessary  in  a  three- 
phase  four-wire  system,  as  a  system  of  n  wires  ordinarily  requires 
n  —  1  wattmeters  in  order  to  measure  the  power  correctly. 

The  Y-box. — The  use  of  the  Y-box  is  based  on  the  principle 
that  each  of  the  three  wattmeters  of  Fig.  86  reads  the  same,  if  the 
loads  are  balanced.  Under  these  conditions  the  total  power  P  = 
3TFi.  If  two  resistances,  each  equal  to  the  resistance  of  the  po- 
tential-coil of  Wif  be  used  in  conjunction  with  this  potential-coil, 
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the  wattmeters  W2  and  Wz  are  not  necessary.  As  a  rule  these 
two  equal  resistances  are  mounted  in  the  same  box  and  are 
connected  as  shown  in  Fig.  87.  Accurate  results  can  be  obtained 
with  this  method  only  when  the  loads  are  balanced. 

48.  Two-wattmeter  Method. — The  power  in  a  three-wire, 
three-phase  system  can  be  measured  by  two  wattmeters  con- 
nected as  shown  in  Fig.  88.  The  current-coils  of  the  two  instru- 
ments are  connected  in  two  of  the  lines  and  the  potential-coil 
of  each  instrument  is  connected  from  its  respective  line  to  the 


Fig.  88. — Two-wattmeter  method  of  measuring  3-phase  power. 

third  line.     Under  these  conditions  the  total  power  passing 
through  the  system 

P^Wl±W2 

regardless  of  power-factor,  balance,  etc.    The  choice  of  the  plus 
or  the  minus  sign  will  be  explained  later. 

One  method  of  proving  that  these  instruments  give  the  correct 
power  is  as  follows:  Let  61,  62,  63  and  zi,  1*2,  is  be  the  respective 
voltages  and  currents  of  the  three  loads  at  any  particular  instant. 
These  being  instantaneous  values,  the  power  at  the  instant 
under  consideration  is  equal  to  their  products  regardless  of 
power-factor.    That  is,  the  instantaneous  power 

p  =  €iii  +  ^2^2  +  ^3^3 
But 

ii  +  ii  +  is  =  0  (Kirchhofif's  first  law) 
^2  =  -  (ii  +  iz) 
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Substituting 

p  =  eiii  -  eidi  +  iz)  +  ezu 
=  (ei  —  62)^*1  +  (cs  —  C2)ii 

As  the  line  voltages  in  a  Y-system  arc  the  differences  of  the 
proper  coil  voltages   (Page  80,  Par.  45) 

Wi  reads  (ei  —  C2)ii 
and  W2  reads  (cz  —  62)^8 

The  same  proof  may  be  used  for  a  delta-load,  except  that 

61  +  C2  +  Cs  =  0 

It  is  shown  in  Pars.  45  and  46,  that  a  phase  difference  of  30® 
exists  between  the  line  voltage  and  line  current  at  unity  power- 
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Fio.  80. — Vector  diagram  illustrating  2-wattmeter  method  for  meamiiing 

3-phase  power,  balanced  load. 


factor.  For  power-factors  other  than  unity,  this  phase  difference 
becomes  (30°  ±  0),  where  0  is  the  power-factor  angle  of  the  coil. 
Figure  89  (a)  shows  two  wattmeters,  Wi  and  W2,  measuring 
the  power  taken  by  a  balanced  three-phase,  Y-connected  load. 
The  wattmeter  Wi  is  so  connected  that  the  current  ho  flows  in 
its  current-coil  and  the  voltage  Eba  is  across  its  potential-circuit. 
Therefore,  the  reading  of  Wi  is  equal  to  the  product  of  ho, 
Eba  and  the  cosine  of  the  angle  between  this  current  and  this 
voltage.  Figure  89  (6)  gives  the  vector  diagram  of  the  load. 
The  three  coil  voltages  Eao,  Ebo,  and  Eco  are  all  equal  and  120° 
apart.  The  coil  currents  ho,  ho,  and  ho  are  equal  and  lag  their 
respective  coil  voltages  by  the  angle  0.  The  voltage  Eba  is  found 
by  reversing  Eaoi  giving  Ecat  and  then  adding  Ebo  and  Eoa 
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vectorially  {^ha  =  ^60  +  Jjioa)*  The  current  ho  is  given.  The 
angle  between  Eha  and  ho  is  30°—  B.  Therefore,  the  reading 
of  this  wattmeter  is 

Wi  =  Eha  ho  cos  (30*"  -  e) 

=  Eune  hine  COS  (30*^  -   S) 

Likewise,  the  wattmeter  Wi  reads  the  product  of  Eca,  ho 
and  the  cosine  of  the  angle  between  them.  From  the  vector 
diagram.  Fig.  89  (6),  Eea  is  found  by  adding  vectorially  Eeo  and 
Eoa  {^ca  =  ^co  +  ^oo)-  Thc  curreut  Ico  is  given.  The  angle 
between  Eca  and  Ico  is  30°  +  B, 

Therefore  the  reading  of  this  wattmeter  is 

Wi  =  EcJco  cos  (30°  +  e) 

=  E,in.  //ina  COS  (30°  +  B) 

Summarizing 

TFi  =- -B/ cos  (30°  -  ^) 
Wi  =  EI  cos  (30°  +  B) 

where  E  and  /  are  the  line  voltage  and  line  current,  respectively, 
the  system  being  balanced. 

Wx  and  Wt  will  read  alike  when  ^  =  0  and  B  =  180°.  Both 
conditions  correspond  to  unity  power-factor.  When  B  equals 
180°,  however,  the  power  has  reversed.  The  two  instruments 
also  read  alike  at  zero  power-factor  {B  =  90°),  although  this 
condition  is  seldom  realized. 

When  B  =  60°,  corresponding  to  a  power-factor  of  0.5,  Wi 
reads  zero,  as  cos  (30°  +  60°)  =  cos  90°  =  0.  In  this  case,  the 
reading  of  W\  gives  the  total  power.  For  angles  greater  than 
60°,  corresponding  to  power-factors  less  than  0.5,  cos  (30°  +  B) 
becomes  negative,  Wi  reads  negative  and  the  total  power  becomes 

p  ^  Wi-  Wi 

Therefore,  discretion  must  be  used  when  two  single  instru- 
ments are  employed,  as  the  total  power  may  be  either  the  sum  or 
the  difference  of  the  readings. 

It  may  also  be  shown  that 

tang  =  V3^;^^;  (34) 

where  B  is  the  coil  power-factor  angle.  Therefore  it  is  possible  to 
obtain  the  power-factor  in  a  balanced  three-phase  system  by 
means  of  the  wattmeter  readings  alone. 
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Another  convenient  method  for  determining  the  power^actor 
from  the  wattmeter  readings  is  to  divide  the  smaller  wattmeter 
reading  by  the  lai^er, 

Wi      COB  (30°  +  6)  ,„., 

Wi  "  COS  (SO-  -  S)  ^^^^ 

and  then  to  use  the  curve  shown  in  Fig.  90. 
This  curve  is  plotted  with  the  ratio  =-  against  power-factor. 

When  Wi/Wi  -  1.0,  the  power-factor  is  1.0;  when  Wt/Wi  = 
0,  the  power-factor  is  0.5;  when  Wi/Wi  is  negative,  tliat  is,  it 
becomes  necessary  to  reverse  Wt,  the  pwwer-factor  is  less  than 
0.5,  By  means  of  a  curve  like  that  of  Pig.  90,  the  power- 
factor  may  be  read  directly  from  the  ratio  of  the  two  wattmeter 
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PiQ.  90. — Power-factor  diagram,  2-vattmeter  method. 

Exam-pie. — In  a  test  of  a  three-phase  induction  motor,  two  wattmeters 
are  used  to  measure  the  input.  Their  readings  are  1,900  and  800  watts 
respectively.  Both  instruments  are  known  to  be  readii^  positive.  What  is 
the  power-factor  of  the  motor  at  this  load? 

Using  equation  (34) 


-^rl 


-  V3 


This  result  n 


a  =  35.3° 
:os  8  "  cos  35.3°  =  0.815. 
y  be  checked  by  Fig.  90. 


.100 
2,700  ' 


0.706 


If  a  polyphase  wattmeter  is  used  (page  60,  Fig.  57),  the  adding 
or  subtracting  is  done  automatically,  as  both  elements  of  the 
instrument  act  on  the  same  spindle.    Therefore,  the  polyphase 
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instmment,  if  properly  connected^  reads  the  total  power  at  all 
times. 

The  two-wattmeter  method  eamiot  be  used  to  measure  power 
in  a  three-phase,  four-wire  system  unless  the  current  in  the 
neutral  wire  is  zero.  When  the  current  in  the  neutral  wire  of 
Fig.  91  is  zero,  the  power  is  correctly  indicated  by  TFi  ±  TF2. 
Now  apply  load  B'O  between  line  B  and  the  neutral.  The 
current  to  this  load  will  complete  its  circuit  from  wire  B  through 
the  neutral  without  going  through  the  current-coil  of  either  watt- 


FiG.  91. — Two> wattmeter  method  generally  not  applicable  to  a  4- wire  system. 

meter.  As  neither  wattmeter  can  indicate  this  additional  load, 
the  two  wattmeters  are.  not  sufficient  to  measure  the  power  in 
such  a  four-wire  system  under  all  conditions  of  load. 


TWO-PHASE  SYSTEMS 

49.  Quarter-phase  or  Two-phase  Systems  (Sometimes  Called 
Four-phase). — Although  three-phase  systems  are  superseding 
other  systems,  there  are  still  many  quarter-phase  or  two-phase 
systems  in  existence.  The  two-phase  system  is  rarely  used  for 
transmission,  but  is  used  for  distribution  and  in  some  instances 
it  is  specially  advantageous  to  use  two-phase  machines. 

Quarter-phase  current  is  generated  in  the  elementary  gen- 
erator. Fig.  92  (a),  by  two  coils  A  and  B,  90°  apart.  Figure  92 
(b)  shows  the  emf .  waves  generated  by  these  coils.  The  voltage 
of  A  leads  that  of  B  by  90°.  When  one  voltage  is  a  maximum 
the  other  is  zero.  Figure  92  (c)  shows  these  two-phase  voltages 
represented  vectorially. 
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The  two  phases  may  be  carried  along,  insulated  from  each 
other,  to  supply  two  separate  single-phase  circuits  or  they  may 


N 


/ 


U      Generation  of  2-pha8e  power 
A  ^ 


*.  B 


(c)   Vector 
representation  of 
2-pha8e  emfs. 


(b^  Two-phase  emf.  waves 
Fio.  92. — Phase  relations  of  2-phase  electromotive  forces. 

supply  a  common  load  such  as  an  induction  motor,  Fig.  93. 
The  two  phases  are  entirely  insulated  from  each  other  in  Fig.  93 


Generator 
Colli 


r\S)M 


2>Pbtte 
Induction  Motor 


FiQ.  93. — Two-phase  circuit  in  which  two  phases  are  insulated. 

and  no  single  load  can  be  applied  between  the  two  phases. 
Moreover,  only  one  value  of  voltage  is  obtainable,  as  the  voltages 
of  the  two  phases  are  equal. 
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If,  however,  the  generator  coils  be  connected  at  their  neutral 
points  and  a  neutral  conductor  carried  along  with  the  other 
conductors,  a  quarter-phase,  five-wire  system  results,  as  shown  in 
Fig.  94  (a).     Moreover,  three  different  voltages  are  available. 


o        B 


Kevtral 


(«)  (6) 

Fio.  94. — Two-phase  inter-connected  syBtem  giving  4-pIiase,  5-wire  ssrstem. 

If  the  voltages  between  the  outer  wires  of  each  phase  be  200 
volts,  then  200, 100  and  141  volts  are  available,  as  shown  in  Fig. 
94  (6).  This  system  is  more  readily  unbalanced  than  the  three- 
phase  system,  which  is  an  objection  to  its  use.  Another  objection 
is  the  greater  number  of  wires. 


200  V. 
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Fig.  96. — Two-phase,  3-wire  system. 


If  one  end  of  the  coil  A  be  connected  to  one  end  of  the  coil  B, 
a  three-wire,  two-phase  system  results,  as  shown  in  Fig.  95. 
This  gives  two  different  values  of  voltage,  200  and  283  ( =  200  \/2) 
volts.  This  system  is  little  used  because  of  the  considerable 
amount  of  voltage  unbalancing  which  results,  even  when  moder- 
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ate  loads  are  applied.  It  should  be  noted  that  the  common  wire 
N  carries  a  current  I^/2,  where  /  is  the  current  in  each  of  the 
two  outer  wires. 

141  a 


Fio.  96. — Mesh-connected,  2-pha8e  winding. 

A  two-phase  alternator  may  have  a  winding  which  consists 
of  four  coils.  These  coils  may  be  connected  in  mesh  as  shown  in 
Fig.  96.    This  corresponds  to  the  delta-connection  in  a  three- 


rnmm 
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Fig.  97. — Measurement  of  power  in  an  insulated  2-phase,  4-wire  system. 

phase  system.    As  in  the  case  of  the  delta,  if  these  coils  are  prop- 
erly connected,  the  winding  is  not  short-circuited  on  itself. 
The  line  voltages  are  each  equal  to  the  coil  voltage.    The 
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diametrical  voltages  are  equal  to  \/2  times  the  coil  voltage. 
The  line  currents  are  equal  to  the  \/2  times  the  coil  current, 
because  the  line  currents  are  the  resultant  of  two  equal  currents 
having  90**  phase  difference. 


r^  060000000 


Fio.  98. — Measurement  of  power  in  a  2-phase  inter-connected  ssrstem. 
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Fio.  99. — Measurement  of  power  in  a  2-phase,  3-wire  system. 


In  Fig.  96,  the  coil  voltage  is  200  volts,  and  the  diametrical 

voltage  is  200  \/2  =  283  volts.     The  coil  current  is  100  amp. 

and  the  line  current  is  141  amp.    The  total  kv-a.  capacity  of  this 

system  is 

4  X  200  X  100 


1,000 


=  80  kv-a. 
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Measurement  of  Power  in  Two-phase  Systems. — In  a  two-phase, 
four-wire  system,  connected  as  shown  in  Fig.  97,  the  total  power 
may  be  measured  by  two  wattmeters.  If  the  system  is  inter-con- 
nected, the  loads  must  be  balanced  or  this  method  is  incorrect. 
If,  however,  the  two  phases  are  insulated  from  each  other,  two 
wattmeters  measure  the  power  correctly  regardless  of  imbalance, 
power-factor,  etc. 

If  the  loads  of  a  four-wire  inter-connected  system  are  not 
balanced,  three  wattmeters  must  be  used,  as  shown  in  Fig.  98. 
The  power  is  the  algebraic  sum  of  their  readings.  The  power 
in  a  two-phase,  three-wire  system  may  be  measured  by  two  watt- 
meters connected  as  shown  in  Fig.  99. 


CHAPTER  V 
THE  ALTERNATOR 

60.  Rotating-field  Tsrpe. — ^The  generation  of  an  electromotive 
force  in  a  conductor  may  take  place  with  the  magnetic  field 
stationary  and  the  conductor  moving  through  this  field,  as  in  a 
direct-current  generator,  or  with  the  conductor  stationary  and 
the  field  moving  past  the  conductor.  It  is  merely  necessary  that 
there  be  relative  motion  between  the  conductor  and  the  field.  In 
direct-current  machmes,  the  commutator  makes  it  necessary 
that  either  the  armature  be  the  rotating  member,  or  that  the 
brushes  revolve  with  the  field. 

As  alternators  have  no  commutator,  it  is  not  necessary  that 
the  armature  be  the  rotating  member.  Most  commercial  alterna- 
tors have  stationary  armatures,  inside  of  which  the  field  poles 
rotate,  as  shown  in  Figs.  102,  103,  etc.  This  construction  has 
two  distinct  advantages.  A  rotating  armature  requires  two  or 
more  slip-rings  for  carrying  the  current  from  the  armature  to  the 
external  circuit.  Such  rings  must  be  more  or  less  exposed,  and 
are  difficult  to  insulate,  particularly  for  the  higher  voltages  of  6,600 
and  13,200  volts  at  which  alternators  are  conunonly  operated. 
These  rings  may  become  a  frequent  source  of  trouble,  due  to  arc- 
overs,  short-circuits,  etc.  A  stationary  armature  requires  no 
slip-rings,  and  the  armature  leads  can  be  continuously  insulated 
conductors  from  the  armature  coils  to  the  bus-bars.  It  is  more 
difficult  to  insulate  the  conductors  in  a  rotating  armature  than 
in  a  stationary  one,  because  of  centrifugal  force  and  the  vibration 
resulting  from  rotation. 

When  the  field  is  the  rotating  member,  the  field  current  must 
be  conducted  to  the  field  winding  through  sUp-rings.  As  the 
field  voltage  seldom  exceeds  250  volts  and  the  amount  of  power 
is  small,  no  particular  difficulty  is  encountered  in  the  operation 
of  such  slip-rings. 

Usually  it  is  difficult  to  get  sufficient  copper  on  the  surface  of 
an  armature.    This  is  particularly  true  with  high-speed,  high. 
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voltage  machines  having  armatures  of  small  diameter.  Increased 
space  for  copper  may  be  obtained  by  deepening  the  slots.  If 
the  armature  be  the  rotating  member,  the  deepening  of  the  slots 
is  limited  by  the  contraction  of  the  tooth  necks,  as  shown  in  Fig. 
100  (a).  No  such  difficulty  is  encountered  if  the  armature  be 
stationary,  since  the  tooth  necks  increase  in  width  with  the  deep- 
ening of  the  slots.  Fig.  100  (6). 


(a) 


Fig.  100. — Eflfect  of  slot  depth  on  the  width  of  tooth  necks  in  a  rotor  and  in  a 

stator. 


ALTERNATOR  WINDINGS 

61.  General  Principles. — The  usual  direct-current  armature 
generates  alternating  current,  and  if  provided  with  properly 
connected  slip-rings,  alternating  current  may  be  obtained  from  it. 
On  the  other  hand,  only  certain  types  of  alternator  windings  can 
be  used  for  direct-current  armatures.  The  ordinary  direct- 
current  winding  is  a  closed  winding  (see  Vol.  I,  page  223),  but 
alternator  windings  may  be  either  open  or  closed. 

The  general  principles  which  govern  direct-current  windings 
hold  also  for  windings  of  alternators.  The  span  of  each  coil 
must  be  approximately  one  pole  pitch;  that  is,  the  two  sides  of 
any  coil  must  lie  under  adjacent  poles.  The  coils  must  be  so 
connected  that  their  electromotive  forces  add. 

Alternator  windings  are  divided  into  several  general  classes. 
There  are  single-layer  and  two-layer  windings,  usually  made  up 
of  former-wound  coils.     Windings  may  be  either  of  the  lap- 
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winding  type,  ehown  in  Figs.  101  (a),  104,  108, 1 12,  and  1 14,  or  of 
the  wave-winding  type,  shown  in  Fig.  101  (b).  In  the  direct- 
current  machine  the  wave  winding  gives  a  higher  voltage  than  the 
lap  winding,  if  the  number  of  series-connected  conductors  and 
other  conditions  are  the  same.  In  the  alternator,  the  wave  and 
lap  windings  give  the  sarne  voltage,  if  the  number  of  series-con- 
nected conductors  and  other  conditions  are  the  same.  An 
Inspection  of  Fig.  101  (a)  and  (b)  shows  that  each  winding  has  the 
same  number  of  series  conductors  between  terminals. 


fa)  suii'ji....    \!>-~~,c/  O  = 

i..n..il>  di«.it.«.d  )»  -]i.iT;r-~X^  p.«i.iiT  i>....u... ,.^>„i. 

Fia.  101. — Sin^e-phose  lap  and  wave  windinga. 

The  type  of  winding  shown  in  Figs.  101,  104,  111,  etc.,  is  called 
the  harrd  winding.  The  type  shown  in  Fig.  105  (a)  is  called  the 
sjiircd  winding.  A  development  of  the  spiral  into  the  chain 
winding  is  shown  in  Fi^.  107  and  110. 

62.  Single-phase  'Windings. — Figure  102  shows  a  single-phase, 
single-layer,  half-coil  winding  for  a  four-pole  machine.  This 
machine  has  four  slots  and  four  poles,  making  one  slot  per  pole. 
This  winding  is  called  a  half-coil  winding,  because  there  is  but 
one-half  coil  or  coilrgroup  per  pole.  The  two  coils  are  shown  con- 
nected in  series,  and  Ti  and  T^  are  the  terminals  of  the  winding. 

Figure  103  shows  the  same  type  of  winding  as  Fig.  102,  except 
that  four  coils  are  now  used.  Therefore,  there  are  two  coil  sides 
per  slot.  This  is  called  a  single-phase,  two-layer,  whole-coil 
winding.    It  is  called  a  whole-coil  winding  because  there  is  one 
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Fio,  103. — TwoJayer,  whole-ooil  winding,  one  »lot  per  pole. 


Fto.  104.— Wbole-Mdl,  2-Uyer 
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cofl  or  cofl-group  per  pole.  The  winding  of  Fig.  102  may  be  ob- 
tained from  Fig.  103  by  swinging  coil  B  into  the  plane  of  coil  A 
and  coil  D  into  the  plane  of  coil  C. 

One  slot  per  pole  is  seldom  found  in  practice,  as  the  surface 
of  the  armature  is  not  economically  used,  and  in  addition  a  poor 
voltage  wave  results.  Figure  104  shows  the  winding  of  Fig.  103, 
except  that  there  are  now  two  slots  per  pole  instead  of  one.  This 
is  also  a  two-layer  winding,  as  there  are  two  coil  sides  per  slot, 
placed  one  above  the  other. 


f^ 


(6)Flcn  view 

•howinff  Single 


Single-phase,  Single-range  Spiral  Winding 


Barrel-type  Winding  which  can  replace  Spiral  Winding  of  (a) 

Fig.  105. 

Instead  of  making  the  coils  lap  one  another,  as  is  done  in  Fig. 
104,  the  winding  may  be  placed  on  the  armature  in  the  manner 
shown  in  Fig.  105.  This  is  called  a  spiral  winding.  It  will  be 
observed  that  in  this  particular  winding  the  coils  themselves  have 
a  pitch  less  than  180  electrical  space-degrees.  Notwithstanding 
this  lesser  pitch,  the  winding  is  not  considered  as  having  the 
properties  peculiar  to  a  fractional-pitch  winding.  The  slot 
conductors  may  be  re-connected  by  barrel-type  end-connections, 
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as  shown  in  Fig.  105  (c),  without  changing  the  electrical  charac- 
teristics of  the  winding.  This  gives  a  full-pitch,  half-coil, 
barrel  winding.  Therefore,  the  spiral  winding  for  which  this 
can  be  substituted  is  considered  as  a  full-pitch  winding.  The 
differential  action  of  the  coil  sides  of  Fig.  105,  due  to  their  not 
having  a  full  pitch,  is  taken  into  consideration  by  the  belt- 
factor  constant.     (See  page  121,  Par.  58.) 

The  inside  coil  shown  dotted  at  a  may  be  added  to  the  winding, 
but  it  contributes  so  little  to  the  generated  electromotive  force, 
because  of  its  small  pitch,  that  to  use  it  is  wasteful.  This  wind- 
ing has  but  one  coil-side  per  slot,  so  that  it  is  also  a  single-layer 
winding.  As  the  ends  of  the  coils  may  be  bent  so  that  they  all 
lie  in  a  single  vertical  plane,  as  shown  at  (6),  Fig.  105,  it  is  called 
a  dngle-range  winding.  Two-  and  three-range  windings  are 
also  used  in  practice. 

At  the  present  time,  single-phase  machines  are  somewhat 
limited  in  their  field  of  application.  They  are  used  more  or 
less  extensively  for  single-phase  railway  electrification  and  for 
some  electric  furnace  work.  Instead  of  building  a  single-phase 
machine  for  these  purposes,  however,  Y-connected,  three-phase 
machines  are  commonly  used,  as  such  machines  are  standard. 
Two  phases  of  the  Y  are  used  in  series.  A  spare  phase  is  also 
available. 

63.  Two-phase  Windings. — ^Two-phase  windings  are  merely  two 
single-phase  windings  displaced  90  electrical  space-degrees  from 
each  other  on  the  armature.  If  another  winding  be  added  to 
Fig.  103,  the  coil  sides  of  this  new  winding  being  midway  be- 
tween those  shown  in  Fig.  103,  a  two-phase  winding  results,  as 
shown  in  Fig.  106.  These  two  windings  are  90  electrical  space- 
degrees  apart,  so  that  their  voltages  differ  in  time-phase  by  90^. 

Figure  107  shows  a  two-phase  spiral  or  chain  winding.  This 
is  merely  adapting  the  winding  of  Fig.  105  to  two  phases.  There 
are  now  eight  slots  per  pole  rather  than  six.  As  the  coil  ends 
in  this  winding  must  necessarily  lie  in  two  different  vertical 
planes,  in  order  to  pass  one  another,  the  winding  is  called  a  two- 
range  winding. 

The  chief  advantage  of  a  chain  winding  is  the  considerable 
space  between  the  coil  ends,  so  that  there  is  little  opportunity 
for  electrical  breakdown  at  these  points.    Therefore,  they  are 
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admirably  adapted  to  high-volt^e  macMnes.    Although  coils  of 
several  diHerent  sizes  must  be  kept  in  stock  as  spares,  a  coil  may 

PhsM  A,    Phut  B. 


(t)l  I  (2)1  I   (3)         I  I    (4]        I  I    (1)        I 


Fig.  107. — Two-ph&se  chain  winding,  S-range. 

be  replaced  more  easily  than  it  can  be  in  the  lap  winding,  where  a 
large  number  of  coils  must  often  be  removed  in  order  to  replace 
a  single  coil. 
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S4.  Two-phase  Lap  Winding. — The  lap  winding  is  the  most 
common  type  of  alternator  winding.  With  it,  there  are  very  few 
limitations  in  the  choice  of  number  of  slots,  pitch,  etc.  The 
coils  are  all  alike,  requiring  the  minimum  number  of  spares,  and 
the  winding  is  very  flexible  in  the  matter  of  connections.  For 
example,  with  a  lap  winding  it  is  a  simple  matter  to  change  a 
440-volt  winding  to  one  of  220  volts  by  parallehng. 

To  obtain  a  lap  winding,  more  coils  are  added  to  the  winding 
shown  in  Fig.  103.  The  connections  of  the  coils  of  any  one  phase 
are  almost  identical  with  those  in  the  direct-current  windings 
described  in  Vol.  I,  Chap.  X.  Direct-current  lap  windings  may 
be  used  for  single-phase  and  for  polyphase  voltages  by  taps  at 
suitable  points,  with  connections  to  slip  rings,  as  is  done  in  the 
synchronous  converter,     (See  page  342,  Par.  138.) 


Fia.  103. — Two-phase,  full-pitch,  lap  wiadins.  (our  slota  per  pole  per 


Figure  108  shows  a  two-phase  lap  winding,  in  which  there  are 
eight  slots  per  pole,  making  four  slots  per  pole  per  phase.  This  is 
a  full-pitch  winding,  the  coil  pitch  being  8  slots,  which  is  the 
number  of  armature  slots  per  pole.  The  connections  of  phase  B 
are  omitted  for  the  sake  of  clearness  as  they  are  identical  with 
those  of  phase  A.  It  will  be  observed  that  the  coil  sides  in  any 
one  slot  are  both  of  the  same  phase.  This  is  not  the  case  with 
fractional-pitch  windings. 

56.  Three-phase  Windings. — ^The  difference  between  two- 
phase  and  three-phase  windings  is  merely  in  the  number  of 
phase-belts  per  pole.  Figure  109  shows  the  simple  winding  of 
Fig.  103  adapted  to  three-phase.  For  clearness  the  end  con- 
nections of  phase  A  alone  are  shown.    It  is  necessary,  merely  to 
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add  two  more  windinga,  equally  spaced,  between  those  of  Fig.  103 
in  order  to  obtain  a  three-phase  winding  having  one  slot  per  pole 
per  phase.  The  three  phases  of  Fig.  109  may  be  connected 
either  in  Y  or  in  delta. 


FiQ.  109. — Thrae-phaae,  2-layer  wiodins,  one  slot  per  pole  per  phase. 


Figure  110  shows  a  three-phase  chain  winding,  in  which  there 
are  six  slots  per  pole,  making  two  slots  per  pole  per  phase.  This 
is  a  two-range  winding,  for  the  coil  ends  in  order  to  pass  one 
another  must  lie  in  two  different  planes  perpendicular  to  the 
machine  shaft.  If  the  number  of  coil  groups  per  phaae  is  odd, 
which  occurs  if  the  number  of  poles  is  not  a  multiple  of  four,  coils 
having  one  long  side  and  one  short  side  must  be  used  to  com- 
plete the  winding.  This  occurs  in  the  six-pole  winding  of  Fig. 
110,  in  which  two  coils  d  and  d'  must  be  of  trapezoidal  shape  in 
order  to  pass  the  coil  ends  of  phase  A  and  so  complete  the  winding. 
A  plan  view  of  such  coils  is  shown  at  (a),  Fig.  110.  Six  dif- 
ferent sizes  of  coils  are  required  in  this  winding,  making  it  neoes- 
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sary  to  carry  a  considerable  variety  of  spares.  The  connections 
of  the  coils  of  phase  B  only  are  shown,  the  other  phases  being  con- 
nected in  a  similar  manner. 


Phase  P 
a     Phase  A  Phase  C 


(a) 

Fig.  110. — Three-phase  chain  winding,  requiring  special  coils. 

Figure  111  shows  a  three-phase,  full-pitch,  lap  winding,  in 
which  there  are  12  slots  per  pole.  The  coil  pitch  is  therefore 
equal  to  12.     For  clearness  the  connections  of  the  A  phase  alone 


Fig.  111. — Three-phase,  full  pitch,  2-layer,  lap  winding. 


are  shown,  the  connections  of  the  B  and  C  phases  being  similar. 
It  will  be  observed  that  in  this  type  of  winding  the  two  coil  sides 
in  any  one  slot  belong  to  the  same  phase. 

Figure  112  is  similar  to  Fig.  Ill,  except  that  the  winding  is 
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now  %  pitch.  A  coil,  instead  of  having  a  pitch  of  12  slots, 
now  has  a  pitch  of  10  slots,  so  its  spread  is  no  longer  equal  to 
a  full  pole-pitch.     This  is  a  fractional-pitch  winding. 

The  advantages  of  this  type  of  winding  are  that  it  improves  the 
wave  form,  there  is  an  appreciable  saving  of  copper  in  the  coil 


Fig.  112. — Three-phase,  %-pitch,  2-layer  lap  winding,  four  slots  per  pole  per 

phase. 

ends,  and  the  inductance  of  the  winding  is  reduced,  because  of 
the  lesser  mutual  inductance  between  those  conductors  which  lie 
in  slots  containing  conductors  of  the  other  two  phases.  (See 
Fig.  112.)  The  coil-end  inductance  is  also  reduced  because  of 
the  lesser  length  of  free  conductor.     Such  windings  generate 


(a)  Full  pitch.  (6)  Fractional  pitch. 

Fia.   113. — Relation  of  coil-side  voltages  in  full-pitch  and  in  fractional-pitch 

windings. 


slightly  less  emf .  than  full-pitch  windings  under  the  same  condi- 
tions, since  the  two  coil  sides  do  not  lie  under  the  same  parts  of 
the  pole  at  any  given  instant  and  therefore  their  emfs.  are  slightly 
less  than  180°  apart.  This  is  illustrated  in  Fig.  113.  Ei  is  the 
emf.  induced  in  the  conductors  comprising  one  side  of  a  coil  and 


no 
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Et  ia  the  emf.  induced  in  the  conductors  comprising  the  other 
side  of  the  eoil.  Ei  is  equal  to  Et  numerically  as  each  is  induced 
by  the  same  number  of  conductors  cutting  the  same  flux.  Figure 
U3(a)  gives  the  relation  of  the  induced  emfs.  Ei  and  Et  in  the 
two  coil  sides  respectively,  when  a  full-pitch  coil  is  used.  When 
one  side  of  a  coil  is  under  a  north  pole  the  other  side  is  in  a  cor- 
respondii^  position  under  a  south  pole.  Therefore  the  induced 
emfs.  are  180°  out  of  phase,  but  the  coil  connection  is  such  that 
these  emfs.  are  additive  as  shown  in  Fig.  113(a). 


!^<n^^e^PHH 

^^^^^^^^ 

— ^^^ 

n^^ 

114. — Showing  winding  and  end  connections  of  an  alternator 


When  a  H  pitch  is  used,  the  coil  spread  is  equal  to  ^  X  180° 
or  150  electrical  space-degrees.  The  emfs.  Ei  and  Ei  will  there- 
fore differ  in  phase  by  150  electrical  time-degrees,  as  shown  by 
the  angle  a,  Fig.  1  iZ(b) .  The  total  emf.  E,  which  is  their  vector 
sum,  is  slightly  less  than  when  a  full-pitch  coil  is  used. 

It  will  be  observed  that  with  a  fractional-pitch  winding  only 
two  of  the  slots  of  each  phase  under  any  pole  contain  eoil  ^des 
of  the  same  phase.     In  the  other  slots  the  two  coil  sides  are  of 
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different  phases.  In  Fig.  112,  slots  1  and  2  contain  both  phase 
A  and  phase  C  cjonductors;  slots  3  and  4  contain  phase  A  con- 
ductors onhr;  and  slots  5  and  6  contain  both  phase  A  and  phase 
B  conductors.  Of  this  group,  slots  3  and  4  contain  phase  -4 
conductors  only.  Hie  fact  that  certain  slots  contain  conductors 
of  different  phases  reduces  sH^tly  the  inductance  of  the  winding, 
as  has  already  been  pointed  out. 

Figure  114  shows  a  portion  of  a  finished  armature  winding. 
The  end-connections,  the  binding  down  of  the  coil-ends,  the 
wooden  slot  we<^es,  and  the  ventilating  ducts,  are  clearly  shown. 

ALTER11ATO&  COHSTRUCTIOH 

K.  Stator  or  Axmfltiire. — The  stator  or  stationary  member  of 
the  alternator  is  almost  always  the  armature,  the  field  structure 
being  the  rotating  member  or  rotor.  When  the  machine  is  in 
operatian  the  armature  iron  is  continuously  cut  by  the  flux  of  the 
rotating  field  and  must  be  laminated  in  order  to  reduce  eddy- 
current  losses.  In  machines  of  smaD  diameter,  each  lamination  is 
a  ang^  dreular  punching. 

Bj^Hspeed  turbo-altemators  have  armatures  of  smaD  diam- 
eter  and  are  usuaDy  built  up  of  angle  dmilaF  stampings,  as 
cbown  in  Kg.  115.  Hie  perforations  back  of  the  slots  are  ven- 
tjlsting  channels.  Engine-driven  alternators  must  rotate  at  com- 
paratively low  speeds  and  so  must  have  a  large  niunber  of  poles, 
and  armatures  of  comparatively  large  diameter.  The  pole  pieces 
are  made  up  of  laminations  riveted  together  and  are  dovetailed 
to  the  armature  spider,  as  shown  in  Fig.  116.  The  armature 
is  built  up  of  small  overlapping  segments,  dove-tailed  to  the 
frame  of  the  machine  in  much  the  same  manner  as  the  armatures 
of  enpne-driven,  direct-current  generators  are  assembled  (see 
Vol.  I,  page  249,  Fig.  219),  except  that  in  the  alternator  the  arma- 
ture laminations  are  a  part  of  the  stationary  member.  Figure 
116  shows  the  general  construction  of  such  an  alternator.  The 
frame  itself  is  usually  a  hollow  box  casting.  This  gives  the  neces- 
sary mechanical  stiffness,  with  the  TniniTninn  weight,  and  the 
space  within  the  frame  allows  a  free  circulation  of  air  for  venti- 
lating purposes.  Figure  117  shows  the  complete  armature  of  an 
engine-driven  generator.  The  ventilating  ducts  and  the  bracing 
of  the  coil  ends  should  be  particularly  noted. 
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Fro.  115. — PuDching  and  frame  of  a  turbo-driven  alternator. 


Fio.  IIS. — Croaa-section  of  enipne-driven  alternator. 
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Large  units  must  be  so  designed  that  they  can  withstand 
not  only  the  stresses  incident  to  normal  operation,  but  also  the 
enormous  mechanical  stresses  which  occur  at  short-circuit,  duo 
to  the  attraction  and  repulsion  of  the  armature  currents.  The 
coU  ends,  unless  well  supported,  are  likely  to  be  draped  out  of 
position  by  electromagnetic  stresses  produced  by  the  short-circuit 
currents.  This  is  particularly  true  of  turbo-alternators,  whose 
internal  reactance  is  comparatively  low,  and  whose  short-circuit 


— Completoly- 


currents,  therefore,  may  be  of  considerable  magnitude.  Figure 
1 18  illustrates  the  care  taken  in  bracing  the  coil-ends  in  one  of 
the  largest  types  of  turbo-alternator. 

Alternator  slots  are  divided  into  two  general  classes,  the  open 
slot  and  the  semi-closed  slot.  The  open  slot,  shown  in  Fig.  119 
(a),  is  the  more  common  because  the  coils  can  be  form-wound 
and  insulated  prior  to  being  placed  in  the  slots,  giving  the  least 
expensive  and  most  satisfactory  method  of  winding. 


ALTERNATING  CURRENTS 


Fio.  118.— Bracing  ot  end 


of  B  turbo-alteraator  to  withstand  short- 
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(a  )  Open  Slot  (6)  Scml-cloKd  Slot 

Fio,   119. — Open  and  aemi-ctosed  slots. 
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The  semi-closed  or  overhung  type  of  slot,  shown  in  Fig. 
119  (6),  is  often  necessary,  especially  in  induction  motors. 
The  larger  area  of  tooth  face  reduces  the  air-gap  reluctance  and 
also  reduces  the  tufting  of  the  flux  which  tends  to  produce  ripples 
in  the  electromotive  force  wave.  It  is  usually  necessary  to 
place  the  conductors  in  the  slot  one  at  a  time,  which  is  ex- 
pensive and  uneconomical  of  slot  space.  It  is  also  difficult  to 
apply  insulation. 

In  both  types  of  slot  the  conductors  are  usually  held  in  the  slot 
by  wooden  or  fibre  wedges,  as  shown  in  the  figures.  The  effect 
of  the  semi-closed  slot  may 
be  obtained  by  the  use  of 
open  slots  and  magnetic 
wedges.  These  wedges  are 
only  partly  of  iron  so 
that  the  slot  is  not 
entirely  closed. 

The    internal    tempera- 
tures    of     modern    alter- 
nators    are     so    high     that   Fig.  120.-Pa^age  of  ventilating  air  through 
.         ,       °  the  ducts  of  a  turbo-alternator. 

built-up  mica  is  found  to 

be  the  insulation  best  able  to  withstand  the  high-temperatures 
and  high-voltage  stresses  simultaneously.  Such  mica  is  pressed 
around  the  active  part  of  the  conductor,  forming  a  solid, 
homogeneous  mass. 

The  problem  of  ventilating  a  large  unit  is  not  an  easy  one. 
A  20,000-kw.  unit,  having  an  efficiency  of  96.5  per  cent.,  requires 
700  kw.  to  be  dissipated.  Such  a  unit  might  require  from  60,000 
to  70,000  cu.  ft.  of  air  per  minute.  This  air  is  usually  supplied 
by  separate  blowers,  and  to  remove  the  dirt  and  increase  the 
cooling  properties  of  the  air,  it  is  often  passed  through  an  air 
washer  consisting  of  a  curtain  of  water.  Figure  120  shows  the 
passage  of  the  air  through  the  axial  ducts  back  of  the  lamina- 
tions (see  Fig.  115)  and  out  through  a  center  radial  duct,  in  a 
turbo-alternator. 

57.  Rotating-field  Structure. — From  the  standpoint  of  their 
field  construction,  alternators  may  be  divided  into  three  classes: 
the  very  slow-speed  engine-driven  alternator  (75  to  150  r.p.m.); 
the    medium-speed    belt-driven    and   water-wheel-driven    type 
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(150  to  760  r.p.m.);  and  the  high-speed  turbo-alternator  (760  to 
3,600  r.p.m.). 


Pia.  121.— Pole  piece  of  a  75  kv-a.,  60-cycle,  377  r.p.m.  Bltenmlor. 

The  poles  of  practically  all  salient-pole  generators  have  cores 
made  up  of  lamiuations,  Fig.  121,  in  order  to  reduce  pole-face 
losses.    (Vol.  I,  page  358.)    In  slow-speed  machines,  the  poles  are 


FiQ.   122.— 36-poli 


often  bolted  to  a  cast-iron  spider,  Fig.  122,  or  they  may  be  dove- 
tailed to  the  spider  in  the  manner  indicated  in  Figs.  116  and  123. 
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At  higher  speeds,  ceDtrifugal  forces  require  that  the  poles  be 
dove-tailed  to  the  spider.     In  Bmall  machines,  the  spider  may  be 


Fio.   123. — Revolving  field  spider  with  dove-tailed  poles. 
of  solid  steel,  as  shown  in  Fig.  123.     The  pole  pieces  dove-tail  to 
this  spider  and  are  wedged  in  by  keys  driven  one  from  each  end. 


Fio.  124.— Tweiv^pole,  600  r.p.m.  rotor. 

In  the  larger  types  of  generator,  the  spider  is  made  of  steel 

plates  riveted  together,  as  shown  in  Fig.  124.    The  poles  are 
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dove-tailed  to  the  spider  in  the  manner  indicated.  The  Blots 
in  the  pole  faces  of  this  rotor  should  be  noted.  Damping  or 
amortisseur  windings  are  placed  in  these  slots  as  will  be  described 
later.     (See  page  319,  Fig.  295.) 

Salient  poles  cannot  be  used  for  high-speed  turbo-generators, 
owing  to  the  large  centrifugal  forces  developed  and  to  the 
excessive  windage.  Therefore,  a  non-salient-pole  rotor  is  used. 
There  are  two  common  types  of  such  a  rotor,  the  parallel-slot 
type  shown  in  Fig.  125  and  the  radial-slot  type  shown  in  Fig.  126. 


Flo.  125. — Parallel-slot,  2-pole  rotor  for  a  turbo-altoroator. 


The  winding  in  the  parallel-slot  type  is  of  strip  copper,  wound 
by  hand  in  the  slots.  The  wires  are  held  in  the  slots  by  means 
of  non-magnetic  metallic  wedges.  There  is  not  sufficient  space 
to  run  the  shaft  through  the  center  of  the  rotor,  so-it  is  bolted  to 
the  ends  by  phosphor-bronze  flanges,  Fig.  125.  These  flanges 
must  be  non-magnetic  or  they  would  short-circuit  the  magnetic 
poles.  The  fact  that  they  are  of  phosphor-bronze  makes  them  ex- 
pensive. This  construction  gives  a  smooth  rotor,  with  little  wind- 
age loss  and  strong  mechanically,  especially  as  regards  the  support 
of  the  coil  ends.  Parallel-slot  rotors  are  seldom  used  except  for 
two-pole  rotors  in  small  machines.  The  metal  back  of  the  slots 
becomes  too  small  in  cross-section  to  withstand  the  centrifugal 
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Fjd.  126.— Radial-Blot  type  of  rotor,  having  four  poles. 


12<}  ALTERSATISa  rrRHEXTS: 

torceat  when  attempt  Ls  made  to  adapt  this  type  of  rotor  to  more 
than  two  poles. 

Figure  126  shows  a  four-poier  radial-filot  rotor.  Akhough  the 
coil-ends  are  not  held  as  strongly  in  this  type  of  rotor  as  they  are 
in  the  parallel-dot  type,  it  is  better  adapted  to  rotore  having 
more  than  two  poles,  becatise  there  is  not  the  reduction  of  iron 
s^H'tion  back  of  the  slots  with  increase  in  the  nimiber  of  poles, 
>uch  as  occurs  in  the  paraUel-slot  t>-pe. 

The  winding  on  these  types  of  rotor  is  caDed  a  dUiribuied  field 
winding.     (See  Fig.  131.) 

The  field  connections  are  usually  carried  out  through  the  center 
of  the  shaft  to  slip-rings.  Two  or  more  carbon  brushes  resting 
on  the  slip-rings  carry  the  current  to  the  winding.  The  excita- 
tion voltage  is  usually  120  volts  or  250  volts  and  in  the  larger 
stations  is  supplied  by  bus-bars  devoted  to  excitation  only.  In 
smaller  installations,  the  exciter  is  mounted  directly  on  the  alter- 
nator shaft,  Fig.  127,  or  else  is  belt-driven  from  the  alternator 
shaft.  Large  central  stations  usually  have  a  storage  batters- 
floating  on  the  exciter  bus,  and  in  addition,  may  have  steam- 
driven  exciters  to  be  used  in  emergencies. 

ALTERNATOR  ELECTROMOTIVE  FORCES  AHD  OUTPUTS 

58.  Generated  ElectromotiYe  Force. — Figure  128  (a)  shows 

the  magnetic  flux  between  the  armature  surface  and  a  north 
and  a  south  pole  of  an  alternator.  Assume  that  the  flux  distribu- 
tion is  sinusoidal,  Fig.  128  (6),  the  flux  density  being  a  maximum 
under  the  center  of  the  pole.    Let  B'  be  the  average  value  of 

2 

the  flux  density.     B'  is  equal  to  -  times  the  maximum  value  B. 

Let  a  be  a  conductor  cutting  this  flux  with  a  velocity  of  v  cm. 
per  second.  This  conductor  o  has  a  length  of  /  cm.  perpen- 
dicular to  the  plane  of  the  paper. 

The  average  voltage  from  equation  (93),  Vol.  I,  page  217,  is 

e'  =  B'irlO-*  volts. 

Let  D  be  the  pole  pitch  in  centimeters  and  /  the  frequency  in 

cycles  per  second. 
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The  time  in  seoonds  necessary  for  the  conductor  a  to  move  the 
distance  D  is^  sec.     Therefore,  r  =  -^  =  2fD  cm.  per  second. 

The  total  flux  cut  per  pole     ^  =  B'lD 


B'  = 


ID 


The  effective  voltage  is  1.11  times  the  average,  1.11  being  the 
form  fadar  of  a  sine  wave.     (See  Page  lO.j     The  effedire  in- 
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be  introduced  to  correct  for  this  relative  phase  displacement. 
This  factor  is  unity  for  a  concentrated  winding  and  is  less  than 
unity  for  a  distributed  winding.  The  table  gives  values  of 
kb  for  a  few  typical  windings. 

Values  op  Breadth  Factor  kh 


Slots  per  pole  per    '           Single-phase 

piiftcC 

Two-phaae 

Three-phase 

1  1.000 

2  0.707 

3  0.667 

4  0.663 

1.000 
0.924 
0.911 
0.907 

1.000 
0.966 
0.960 
0.958 

If  fractional  pitch  is  used,  the  electromotive  forces  in  the  two 

coil  sides  are  out  of  phase,  as  shown  in  Fig.  113  (6),  page  109. 

This  again  reduces  the  voltage.     Correction  for  this  may  be  made 

by  multiplying  the  voltage  equation  by  another  factor  fcp,  called 

the  pitch  factor. 

Values  op  Pitch  Factor  kp 


Pitch 

Mo 

M 

H 

H 

^4 

1 

Kp 

0.985 

0.974 

0.966 

0.946 

0.924 

0.867 

The  complete  equation  becomes 

E  =  2.22fc6fcpZ«/10'8  volts. 


(37) 


Example, — A  six-pole,  three-phajse,  60-cycle  alternator  has  12  slots  per 
pole  and  four  conductors  per  slot.  The  winding  is  ^  pitch.  There  are 
2,500,000  lines  entering  the  armature  from  each  north  pole  and  this  flux 
is  sinusoidally  distributed  along  the  air-gap.  The  armature  coils  are  all 
connected  in  series.  The  machine  is  Y-connected.  Determine  the  open- 
circuit  voltage  of  the  generator. 

The  total  number  of  slots  is  equal  to  72. 

Therefore  the  series  conductors  per  phase 

Z  =1211?=  96 

Slots  per  pole  per  phase  =  72/(6  X  3)  =4.     h  (from  table)  =  0.958.  kp  « 
0.961. 

Therefore  the  total  induced  voltage  per  phase 

E  =  2.22  X  0.958  X  0.961  X  96  X  2,500,000  X  60  X  lO"*  =  294  volts. 

As  the  generator  is  Y-connected,  the  terminal  voltage  is 

294\/3  =  510  volts!     Arts. 
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Ordinarily  the  flux  distribation  in  a  generator  b  not  sinusoidal, 
especially  with  salient'-pole  machines,  the  wave  being  flat-topped, 
as  shown  in  Fig.  129.  The  electromotive  force  wave  per  con- 
dudar  has  the  same  shape  as  the  flux  wave.  If  the  coil  is  a  full- 
pitch  coil,  the  electromotive  forces  in  the  two  sides  of  each  coQ 
will  be  180°  out  of  phase  and  of  the  same  magnitude,  as  these 
coil  sides  both  lie  at  any  instant  in  corresponding  parts  of  oppo- 
site poles.  Therrfore,  the  electromotive  force  wave  of  each  coil 
will  have  the  same  shape  as  the  conductor  electromotive  force 
wave.  If  but  one  slot  per  pole  per  phase  is  used,  the  resulting 
electromotive  force  wave  will  have  the  same  shape  as  the  flux 
wave,  which  may  be  flat-topped  as  shown  in  Fig.  129. 


^^^^j^'^'^v'^-^^^'  ^-y-- 
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Fig.  129. — Flux  density  in  air-gap  of  salient-pole  machine. 

Figure  130  (a)  shows  a  phase-belt,  consisting  of  four  coils,  of  a 
three-phase  generator  having  12  slots  per  pole,  or  four  slots  per 
pole  per  phase.  The  shape  of  the  electromotive  force  wave  for 
each  of  the  four  full-pitch  coils  forming  one  phase  of  the  winding 
is  the  same  as  the  shape  of  the  flux  wave,  as  is  shown  in  Fig.  130 
(6),  at  1,  2,  3,  and  4.  As  12  slots  represent  180  electrical  space- 
degrees,  180/12,  or  15,  is  the  interval  in  electrical  space-degrees 
between  successive  slots.  Therefore,  the  four  electromotive 
forces  are  15  electrical  time-degrees  apart,  as  shown  in  Fig. 
130  (6).  As  the  coils  are  connected  in  series,  the  resultant  elec- 
tromotive force  is  foimd  by  adding  the  ordinates  of  the  four 
waves,  as  shown.    The  resultant  wave,  instead  of  being  a  flat- 
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topped  wave  like  that  of  the  mdividual  coO,  is  wdl-raanded  and 
is  very  nearly  a  sine  wave.  This  is  the  reason  that  a  distributed 
windii^  gives  a  better  vrave  shape  than  a  concentrated  winding. 
With  a  non-salient  pole  rotor,  having  a  distributed  winding. 
Pig.  126,  the  field  coils  lie  in  the  rotor  slots  in  the  manner  indi- 


Fia.  130. — Resultant  electromotive  force  n 


■  4-coil  phase  belt. 


cated  in  Fig.  131  (o).  The  magnetomotive  force  of  each  coil  is 
a  rectangle,  if  the  currents  in  the  conductors  be  considered  as 
concentrated  at  their  centers.  This  is  shown  in  Fig,  131  (6), 
which  gives  the  mmf .  of  a  single  coil.  The  height  of  the  rectangle 
is  equal  to  the  mmf.  of  this  coil,  which  can  be  expressed  in  am- 
pere-turns, gilberts,  or  in  any  convenient  unit.    The  base  of  each 
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reetan^  is  equal  to  the  ooO  ^iread.  In  f^.  131  (a)  sud  (c) 
there  aie  three  oofls  per  ptde.  £acfa  ooO  produces  a  rectangle  of 
mmf .  If  there  are  the  same  □amber  of  tuns  in  each  of  the  three 
ooQs,  the  bei^t  of  each  mmf.  rectan^  is  the  sunf.     The  re- 


FiQ.  131. — Dittribotod  field  wiodinc  wad  mnltiiig 


sultant  mmf.  is  found  by  superposing  the  three  mmf.  rectan^ee, 
as  shown  in  Fig.  131  (c).  The  resulting  magnetomotive  force 
wave  is  "  stepped,"  as  shown.  Due  to  frilling,  liie  resultant  flux 
wave  is  nearly  si&usoidaJ,  as  indicated  in  the  figure.     Ilietefore,  a 
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Via.  132. — Connedins  alternator  onU 


non-salient  pole  alternator,  having  a  distributed  winding,  baa 
usually  a  better  wave  shape  than  a  salient^pole  alternator. 

60.  Phasing  Alternator  Windings. — Three-phase  alternator 
windings  may  be  connected  either  in  Y  or  in  delta.  Instances 
often  occur  in  practice  where  six  leads  come  from  the  machine, 
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these  leads  being  the  three  pairs  of  terminals  fiom  the  three 
phases.  The  proper  phase  relations  must  be  obserrred  in  mAlrfny 
the  connections,  whether  they  are  to  be  connected  in.  Tor  indeHa. 

Let  aa^,  W  and  ccf.  Fig.  132,  be  the  three  coil  windings  (f  a 
three-phase  machine. 

Assume  first  that  these  three  windings  are  to  be  connected  in 
Y.  First  connect  ends  a  and  6  together.  Measure  Eafh',  the 
voltage  across  their  open  ends.  This  should  equal  v^  times  the 
coil  voltage.  It  may  be  equal  to  the  coil  voltage,  in  which  ease 
one  coil  should  be  reversed.  Next  tie  the  end  c  of  coil  cc'  to 
point  ah.  The  voltages  Ei/c*  and  Eai'cf  should  each  be  \f%  times 
the  coil  voltage.     If  not,  the  coil  a/  should  be  reversed. 


a  a 

b 


^a.'i 


Fio.   133. — Coanectins  alternator  coils  m.  delta. 

If  it  be  desired  to  connect  the  coils  in  delta,  the  ends  a  and  V, 
Fig.  133  (a),  should  first  be  connected.  The  voltage  E,^  across 
their  open  ends,  should  be  equal  to  the  coil  voltage.  If  not,  one 
of  these  two  coils  should  be  reversed.  End  tf  of  coil  or'  should 
then  be  connected  to  6.  The  voltage  E^^  across  the  open  ends 
should  be  zero,  as  shown  by  the  vector  diagram  in  (ft).  (See 
Par.  46,  Page  83.)  If  this  voltage  is  practically  xero,  the  two  ends 
c  and  a'  may  then  be  closed.  The  voltage  E^  may  be  twice  the 
coil  voltage,  as  shown  in  (c).  If  this  is  found  to  be  the  case,  coil 
cc'  should  be  reversed. 

60.  Rating  of  Alternators.— The  rating  of  electric  machinery 
is  determined  in  general  by  its  temperature  rise.  This  tempera- 
ture rise  is  caused  by  the  losses  in  the  machine.  The  PR  loss 
in  the  armature,  due  to  the  load  current,  limits  the  output  of  a 
machine.  This  loss  depends  upon  the  value  of  the  armature 
current  and  is  independent  of  power-factor.  For  examfde,  100 
amp.  in  a  single-phase,  200.volt  generator  will  produce  the  same 
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P-R  losB  whether  the  load  powBT-factor  be  mutr,  0.4  or  any  other 
TBlne.  Hie  ontpat  in  hUmDoU^^  however,  k  proportian&l  to  the 
power-factor.  If  the  above  f?enerat«r  k  Ihnited  to  100  amp.,  its 
output  win  be  30  kw,  at  unitT  power-factor  but  onlr  S  kw.  at  0.4 
power-factor.  The  rating  fc  20  kv-a.  (kflovobt-ampeieB)  regardleag 
of  power-factor. 

For  the  above  reaBonfi,  ateematoTB  are  ardniarDr  rated  in  kilo- 
Tah-flanperes  (kv-a.).  B  a  madbine  ig  rated  in  kflowattB,  unity 
power-factor  is  asBunied.  xmleBB  otherwise  specified.  In  staling 
tfaeootpnt  of  a  niadme  it  is  alwflTB  well  to  state  the  power-factor. 

The  rating  of  the  prinae-mover  driving  an  alternator  is  inde- 
pendent of  the  altemator  power-factor.  T^  same-turtrine  cioold 
be  used  to  drive  a  200^v-a.  machine  operating  at  0.5  power- 
factor  or  B  lOOiv-a.  machine  operating  at  xmity  power-factor, 
ahiion^  the  first  altemator  would  haTe  douUe  1^  kr-a.  rating 
of  the  second. 


CHAPTER  VI 
ALTERNATOR  REGULATION  AND  OPERATION 

Alternator  Regulation. — It  is  shown  in  Vol.  I,  Chap.  XI,  that 
the  voltage  of  a  shunt  generator  drops  as  load  is  applied.  This 
is  due  to  three  causes:  the  /«/?«  drop  in  the  armature,  arma- 
ture reaction,  and  the  drop  in  field  current  which  results  from 
the  decrease  in  terminal  volts.  As  commercial  alternators  are 
excited  from  a  separate  source,  there  is  no  decrease  of  field 
current  due  to  the  drop  in  the  alternator  terminal  voltage.  How- 
ever, both  the  laRa  drop  in  the  alternator  armature  and  armature 
reaction  ordinarily  cause  a  drop  of  terminal  voltage  as  load  is 
applied.  Another  factor  which  causes  the  alternator  voltage  to 
drop  with  application  of  load  is  the  reactance  of  the  alternator 
armature.    This  will  be  discussed  later. 

The  regulation  of  direct-current  generators  is  inherently  better 
than  the  regulation  of  alternators.  For  example,  shunt  gen- 
erators of  conunercial  size  regulate  very  closely,  and  it  is  usually 
possible  to  so  compound  a  shunt  generator  that  its  terminal 
voltage  is  practically  constant  at  all  loads.  In  the  alternator, 
the  armature  reactance  drop,  which  is  not  present  in  the  direct- 
current  generator,  and  the  greater  effect  of  armature  reaction, 
result  in  poorer  regulation.  In  addition,  alternators  cannot  be 
compounded  readily. 

The  regulation  of  the  alternator  depends  not  only  on  the  mag- 
nitude of  the  ciu'rent,  but  on  the  power-factor  as  well.  A 
knowledge  of  the  regulation  of  an  alternator  at  various  power- 
factors  is  usually  essential,  since  the  amount  by  which  the  voltage 
varies  with  the  load  has  an  important  bearing  on  the  operation 
of  the  system  as  a  whole.  If  the  machine  supplies  incande3cent 
lamps,  it  must  regulate  very  closely  or  else  special  regulators  are 
necessary  on  the  lighting  circuits.  Moreover,  alternators  may 
regulate  well  at  unity  power-factor,  while  at  low  power-factors 
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the  lesolatioii  may  be  tcit  poor,  even  if  the  currtnt  be  the  same  in 
the  two  cases. 

In  the  laiiger  types  of  altemaUM-,  the  laiige  vahies  <rf  current 
which  lesah  from  sfaoft-drcuit  may  cause  serious  dama^  to  the 
fnarhifK*  and  to  the  syston.  Hie  rahie  of  this  shoft-circait  cur- 
rent is  dosdy  rdated  to  the  r^;iilatkm  (rf  the  machine,  so  that  a 
knowledge  of  the  r^;iilation  is  hdpfol  in  designing  the  drcuit 
Imakeis,  switches,  poirer^imiting  reactances,  etc 

It  is  T»y  desirable,  therefcHe,  to  imderstand  the  factors  and 
the  reactions  which  affect  the  regulation  and  the  operation  of 
ahemators.  As  it  is  usually  impoagiUe  to  obtain  the  requisite 
loads  for  testing  an  ahematcx-  imder  actual  load  ccMiditions,  it 
becomes  neeessary,  in  determining  the  regulati<Hi,  to  onploy 
methods  which  do  not  require  the  actual  loading  (rf  the  machine. 
These  methods  will  be  described  lata-. 

8L  AiinalHieBrartmne. — ^When  a  current  flows  in  the  conduc- 
tors  (rf  an  alternator  armature,  magnetic  lines  are  set  up  around 
these  ccmductns.  Such  lines  are  indicated  around  the  ccmduc- 
t(xs  of  one  phase  on  a  smooth-ecRe  armature,  in  Fig.  1^4.  This 
magnetic  leakage  flux  Knlring  with  the  current  gives  indwdama 
to  the  armature  conductors.  This  inductance  when 
by  2r  times  the  frequency 
gives  the  rraetonce  of  the 
ocmductors.  Therefore,  al- 
ternating curxent  flowing 
in  these  conductors  will 
encounter  not  onhr  resis- 

Figure  135  (a)  draws  the 
eonductcRc  lying  inarather 
deep  and  narrow  dot  of  an 
iron-dad  armature.  The 
current  flowing  in  these  conductors  produces  magnetic  lines, 
whose  path  is  across  the  slot  and  bad^  througii  the  armature  iron, 
as  shown  in  the  figure.  Tlie  reluctance  of  this  local  magnetic 
drcuit  lies  almost  entirdy  in  the  dot  itself,  as  the  rductance  of 
that  part  of  the  path  which  lies  in  the  iron  is  practicaDynegitigiUe. 
A  deep  narrow  dot  wiD  allow  more  lines  p»  ampo^e^oonduetor  to 
cross  It  than  the  diaJDow  and  wider  slot  drawn  in  1%.  135  (b). 
Hence  an  ahemator  with  deep  narrow  slots  wiD  have  a  much 
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Fig-  134. — Flux 

duciora  om  Bmootb-oore  mnnatiire. 
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iii^iioi    anuatuiv  rtactanoi  thaa  one  with  wide  shaDow  slots, 
'liur  ^.-oiiditions  being  the  same. 

V  sciui-clucioa  slot,  like  that  shown  in  Fi^  135  f  =,  will  hAve 
.\':l^i.u•^ab■y  moio  magnetic  3ux  per  amp^^e-^ooDdactor  than 
viilu-i  v»i  the  >luta  oi  a,  or  .6>  because  the  OTerhanpng iooth-dp6 
[^.vUu'i-  the  ivluctance  of  the  magnetic  circmt.  Thus,  the  reac- 
latino  vi  u  machine  may  be  controlled  in  part  by  the  deai^  <rf 
ih.  -lot.  ill  a  smooth-core  armature.  like  that  shown  in  Fig. 
ii  L  ihr  armature  reactance  will  be  smaD  as  compared  with  that 
of  the  slotted  type  of  armature. 

A  eeriain  amount  of  reactance  is  due  to  the  ma^jietic  fiux  link- 
ing; I  hi'  I'oil  en«.ls.  Although  this  is  small  compared  to  the  reac- 
taneo  due  to  the  slot  linkage,  it  cannot  be  neglected  as  a  rale. 
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Fiti.   13o. — Slot  leakage  flux  which  pioduoes  armatoie 


ll  i.-3  pointed  out  in  Vol.  L  Chap.  VIII,  that  the  inductance 
\hiu's  as  the  square  of  the  number  of  turns.  This  same  rule 
.tppliv's  u>  the  conductors  in  alternator  slots.  If  the  number  of 
Miics  voiuUutors  in  a  slot  is  doubled^  the  reactance  per  slot  is 
uuiiustil  four  times,  other  conditions  remaining  unchanged. 

Vs  the  reactance  is  proportional  to  the  frequency  {X  =2x/L). 
iliv  iviutanee  of  a  25-cycle  alternator  will  be  considerably  less 
tli.iii  iliai  of  a  OO-eycle  alternator,  other  conditions  being  the 


-.iiue. 


G2.  .\rmdture  Resistance,-  -The  armature  iron  forms  a  con- 
Mi  ciaMe  portion  of  the  p;ith  of  the  flux  which  links  the  armature 

oiidui  lors,  Figs.  134  luid  135.  As  this  flux  is  alternating,  it  is 
ll  vuiiii)aiued  by  hysteresis  and  eildv-current  losses,  which  occur 

!j  Ur'  iron  immediately  surroundiug  the  slots.     As  this  flux  is 
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produced  bj  the  armatare  CTrrent,  the  power  represented  by 
this  1<»E  nmst  be  supplied  by  the  armature  current.  The  eddy- 
current  lose  varies  as  the  square  of  the  flux  density  and  the 
hystercas  lose  varies  as  the  1.6  power  ci  the  flux  density.  Af 
the  leakage  flax  is  nearly  proportional  to  the  current,  the  eddy- 
current  loss  Taries  as  the  square  of  the  current  and  the  hysteresis 
loss  as  the  1.6  power  cS  the  current.  The  combiDed  loas  varies 
nearly  as  the  square  erf  the  current. 

The  eflect  of  these  local  iron  losses  is  to  increase  the  total 
los  due  to  the  flow  of  current  through  the  armature.  As  these 
local  losses  vary  neaxly  as  the  current  squared,  their  effect  is 
j»-actically  the  same  as  if  the  ryrisUtnee  of  the  annature  were 
increased. 

Unle^  the  armature  eonductms  are  sman  in  cross-section,  the 
effect  of  the  ^ot  leakage  flux  k  to  force  the  current  towards  the 
top  of  the  skit,  so  that  the  current  density  in  the  portions  of  a  con- 
ductor near  the  top  of  the  dot  is  greater  than  in  those  portians 
near  the  bottom  of  the  dot.  Tlik  also  increases  the  effectrre 
resistance  of  the  armature. 

Tbe  eff  ectrre  resistance  of  an  annature  k  tfaerefoie  gxeaier 
for  ahemating  than  for  direct  current,  doe  to  the  ahematii^  flux 
which  accompanies  the  flow  of  the  ahemaiing  current.  The  per- 
centage increase  depends  to  a  large  extent  on  the  A^pe  of  the  slots 
and  the  teeth  and  on  the  ease  of  the  conductors,  and  ranges  from 
20  to  6Cf  per  cent.  As  the  armature  resistance  drop  k  irery  small 
as  ccnnpfiied  with  the  xc^tage  drc^  due  to  armature  reactance 
and  armature  reaction.  co>iffiiderai^  error  in  determining  the 
reliance  intrcKiucBS  lirtie  error  in  most  eompctatiaDS.  The  ef- 
f ectrre  amtatuie  res^tanc^  may  be  measured  hr  running  the 
machinfe  as  a  generator,  with  weak  fleM  excxtadon.  The  input 
k  nKasa?%  with  the  armatuie  opes^-czrcuited  and  ^den  Aan- 
fajgujied  throrosi:  ammeters.  Xeglecting  the  ^sange  in  cose  loss 
csispjC  "t»y  armature  reaction-  ibe  <fiffe5eiifie  of  input  prided  by 
the  ntantjer  of  pisases  k  equal  to  the  I*E  Iok  per  piase.  The 
^&?rt2Te  leekftance  per  piaaee  is  found  by  dividing  Hais  ASeRsee 
or  inpot  by  the  cusTeait  per  jAa«e  squaaed.  A  inose 
thoQ^  lesE  aecura^te  method,  is  to  measise  the  ohmic 
with  irejTt  curraH.  and  lo  infCgcaec  tias  Talae  by  ae 
faesor.  fwA  as  40  per  eeaat..  to  <jo»er  Ibe 
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63.  ArmatimRMCtion. — [ndirect-cmreiit  maohmratthe^uma- 
I  uro  ampere-turns  act  on  the  magnetic  circuit  cii  rim  mimhiTiP  in 
>ik'li  u  way  as  to  distort  and  to  change  tiie  mai^tude  uf  Che  air- 
man tiux.  For  a  given  armature  oiurent.  riw  >iinMmuji  and  imu^ 
iiitude  of  this  anuature  reaction  depend  'in  rhu  puaticiii  ai  the 
I>rushc8.  In  an  alternator  practically  the  Mine  uunditiuntf  exist. 
I''ur  n  ^iven  armature  current,  the  m^piitude  und  ihirMtriun  tft  the 
ai'uiature  rouctiou  cannot  depend  uptin  bruBii  puMriim.  but  dii 


,li|)iiid  (111  Iho  ph&so  relation  existing  between  the  current  sod 
lilt;  viiltaj;f  and  henee  on  the  power-factot  ot  the  load. 

b'igiit'f  Via  (a)  shows  the  position  of  an  anoatmce  oA  wfMse 
,uloa  ivro  directly  under  the  pole  cesteis.  At  the  instant  the 
induced  voltage  in  the  coil  is  at  its  maximiim  vahw.  If  the 
.uii-reiit  ill  ill  phase  with  this  inducvd  voltage.  ctHrcsponding 
.i[iproximat(;ly  to  a  load  of  unity  power-factor,  tite  cnrrent  is  at 
us  iiiaximuiu  value  at  this  same  in^taat.  and  flow?  in  the  direrrioii 
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when  the  brudies  are  in  the  geometrical  neutral  (see  Vol.  I,  page 
268,  Fig.  238)  and  croes-magnetization  alone  results. 

It  will  be  observed  in  Fig.  136  that  the  coil  in  question  is 
acting  principally  on  the  interpolar  space,  whose  reluctance  is 
high.  Therefore,  in  this  position  the  effect  of  the  coil  ampere- 
turns  upon  the  magnetic  flux  of  the  generator  is  a  minimum. 
This  does  not  apply  to  a  non-salient  pole  machine,  where  the  air- 
gap  is  uniform. 

Figure    138    is   a   vector   diagram 

representing  these  conditions.    Fi  is 

the  mmf.  due  to  the  field  coils,  A  is 

the  mmf.   due  to  the  armature  coil 

is  the  resultant  of  the  two. 


Fio.  138.  —  Vector   diagram 
showing  effect  of  armature  re-     and    F 


^IZu^T::?"'"'''^   When  the  current  is  in  phase  with  the 

induced  emf .,  the  space  direction  of  the 
armature  mmf.,  A,  is  90  electrical  space-degrees  from  the  resultant 
mmf.  F.  It  will  be  observed,  Fig.  138,  that  the  principal  effect 
of  -4  is  to  distort  the  alternator  flux  or  to  change  it  from  its 
original  position  practically  without  altering  its  magnitude. 

Figure  138  is  a  space- vector  diagram  of  mmfs.  The  resultant 
flux  is  equal  to  the  mmf.  F  divided  by  the  reluctance  of  the  mag- 
netic circuit.     In  a  non-salient  pole  machine,  where  the  reluctance 
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Fio.  139. — Armature  reaction  due  to  current  lagging  90°. 

of  the  air-gap  is  uniform,  <l>  may  be  found  in  terms  of  induced 
emf.  from  the  saturation  curve.  In  salient-pole  machines,  this 
method  is  only  approximate,  as  the  reluctance  of  the  magnetic 
circuit  varies.  The  reluctance  is  a  minimum  when  the  space 
direction  of  F  is  along  the  pole  centers  and  is  a  maximum  when 
the  space  direction  of  F  is  midway  between  pole  centers. 
Figure  139  represents  the  conditions  when  the  current  lags  90*^ 


ALTERyATOR  E£GCLATIO\  AXD  OPE  RATIOS 


135 


with  respect  to  the  induced  electromotive  force.  When  the  coU 
is  in  position  (1),  Fig.  139  (a),  the  electromotive  force  is  a  maxi* 
mum,  as  in  Fig.  136.  The  current  is  lero  at  this  instant  because 
it  lags  the  induced  vcdtage  by  90®.  The  current  does  not  reach 
its  maximum  value  until  the  coU  has  travelled  90  electrical  spacer 
d^rees  further  and  has  reached  position  (2).  The  coil  then  Ues 
directly  under  a  south  pole.  It  will  be 
noted  that  the  magnetomotive  force  of 
this  c(m1  is  daumward  and  is  therefore 
direct    opposition  to  the  magnetic 
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Fig.  140. — Vector  diacram 
showing  effect  of  armature 
reaction  with  cunent  lag- 
ging 90^ 


flux   entering   the    south   pole.     There- 

farCy  when  the  currerU  lags  the  induced 

dedramotiue  force  by  90®,  U  cuis  in  direct 

opposition  to  the  main  field.     As  a  result  the  field  is  materially 

weakened  by  a  lagging  current  and  this  is  accompMmied  by  a 

reduction  of  the  induced  electromotive  force. 

This  result  is  similar  to  that  of  moving  the  brushes  forward 
90®  in  a  direct-current  generator.  All  the  armature  ampere-turns 
are  then  demagnetizing,  tending  to  weaken  the  field. 

It  will  be  observed  that  this  coil  is  acting  directly  upon  a  part 
of  the  magnetic  circuit  wl\ere  there  is  iron,  rather  than  on  an  inter- 
polar  space.  Therefore,  for  a  given  current  in  the  armature,  the 
coil  in  this  position  has  a  much  greater  effect  upon  the  magnetic 
field  of  the  machine  than  it  had  at  unity  power-factor,  shown 
in  Fig.  137.     Figure  140  shows  vectorially  the  conditions  which 
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Fio.  141. — Armature  reaction  due  to  current  leading  90**. 

exist  at  zero  power-factor  or  90®  lagging  current.  The  armature 
reaction  A  acts  in  direct  opposition  to  the  impressed  field  F\  so 
that  the  resultant  field  F  is  considerably  smaller  than  Fi. 

Figure  141  shows  the  conditions  existing  when  the  current  leads 
the  induced  electromotive  force  by  90®.     As  before,  the  electro- 


130  ALTERNATING  CURRENTS 

motive  force  reaches  its  maximiim  value  when  the  coil  sides  are 
directly  under  the  pole  centers,  position  (2),  Fig.  141  (a).  The 
current,  however,  reaches  its  maximum  value  90  electrical  space- 
degrees  ahead  of  this  position  or  at  (1).  It  will  be  observed  that 
the  ampere-turns  of  the  coil  now  assist  or  strengthen  the  main 
field,  as  they  are  acting  directly  in  conjunction  with  it.  The  coil 
again  is  in  the  most  favorable  position  so  far  as  its  effect  upon  the 
magnetic  circuit  of  the  machine  is  concerned.    This  condition 

may  be  represented  by  the  vector  dia- 
. — - — .     gram,   Fig.    142.     The   magnetomotive 
*      "1  5^J      'f     force   of   the  field  ampere-turns  is  Fu 

Fig.  142.— Vector  dia-  that  of  the  armature  is  A^  and  the  re- 
gram    showing   effect  of     gultant  magnetomotive  force  is  their  sum 

armature     reaction     with       „     ,  ,  .         .        , 

current  leading  by  90*».        r ,  because  the  two  are  actmg  m  the 

same  direction. 

It  should  be  noted  that  for  a  given  value  of  armature  current, 
the  effect  of  armature  reaction  varies  with  the  power-factor 
in  a  salient-pole  type  of  machine,  due  to  the  varjring  reluctance 
caused  by  the  salient  poles.  In  a  non-salient-pole  generator, 
the  air-gap  is  uniform  around  the  periphery  of  the  armature, 
so  that  the  armature  magnetomotive  .force  acts  on  a  path  of 
uniform  permeance. 

If  the  power-factor  has  other  than  one  of  the  three  values  just 
illustrated,  the  armature  mmf.  will  add  vectorially  to  the  im- 
pressed mmf.  according  to  the  phase  angle  existing  between  the 


FiQ.  143. — Vector  diagram  of  armature  reaction  with  current  lagging  0  degrees. 

current  and  the  induced  voltage.  This  is  illustrated  in  Fig.  143. 
The  direction  of  the  armature  reaction  is  shown  at  a  power-factor 
cos  dy  the  current  lagging,  B  being  the  angle  between  the  current 
and  the  terminal  voltage.  Fi  is  the  field  mmf.  When  the  cur- 
rent is  in  phase  with  the  induced  emf.  the  direction  of  the  arma- 
ture reaction  is  along  Ai,  90®  behind  the  resultant  mmf.,  F. 
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(See  Fig.  138.)  When  the  current  is  in  phase  with  the  terminal 
voltage,  the  armature  mmf.  acts  in  the  direction  As,  because  the 
terminal  voltage  lags  the  induced  emf .  by  an  ang)e  a.  (See  Fig. 
145  (6).)  If  the  current  lags  the  terminal  voltage  by  0  degrees, 
its  mmf.  must  act  along  A,  6  degrees  behind  At,  Combining 
the  mmf.,  A,  with  the  impressed  nmif.,  Fi,  gives  the  resultant 
mmf.y  F, 

Under  the  usual  conditions  of  operation,  the  power-factor  is 
neither  unity  nor  zero.  Hence,  the  armature  reaction  may 
strengthen  the  field  or  may  weaken  it,  according  as  the  current 
leads  or  lags,  and  at  the  same  time  may  distort  it. 

64.  Armature  Impedance  Drop. — In  a  direct-current  generator, 
the  induced  armature  voltage  is  obtained  by  adding  numerically 
the  IR  drop  in  the  armature  and  the  terminal  voltage.  In  the 
alternator,  the  armature  reactance  drop  as  well  as  the  armature 


Fig.  144. — Alternator  vector  diagram  for  unity  power-factor. 


resistance  drop  must  be  added  to  the  terminal  voltage  in  order  to 
obtain  the  induced  armature  voltage.  These  voltage  drops  must 
be  added  vectoriaUy  to  the  terminal  voltage,  in  order  to  obtain  the 
induced  electromotive  force.  That  is,  the  emf.  induced  in  an 
alternator  armature  is  the  terminal  voltage  plus  the  armature 
impedance  drop,  this  addition  being  performed  veetorially. 

Current  in  Phase  with  Terminal  VoUage. — Figure  144  (a)  shows 
the  conditions  existing  when  the  load  power-factor  is  unity.  V 
is  the  generator  terminal  voltage  and  /  is  the  armature  current 
in  phase  with  F.  The  IR  drop  in  the  armature  is  in  phase  with 
the  current  /,  R  being  the  effective  resistance  of  the  armature. 
The  IX  drop  leads  the  current  by  90°  and  is  laid  oflf  at  the  end 
of  IR,  The  vector  sum  of  these  two  gives  the  IZ  drop  in  the 
armature.  This  impedance  drop  when  added  vectoriaUy  to  the 
terminal  voltage  V  gives  the  electromotive  force  E'  induced  in 
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the  alternator  armature.  The  vector  addition  is  performed  by 
completing  the  parallelogram  having  V  and  IZ  for  its  adjacent 
sides.  The  diagonal  E'  is  the  vector  sum  of  IZ  and  V  and  repre- 
sents the  induced  emf . 

The  same  result  is  obtained  by  adding  the  IR  drop  directly  to  F, 
Fig.  144  (6),  and  then  adding  the  IX  drop,  at  right  angles  to  /  and 
leading,  at  the  end  of  IR.  The  vector  addition  in  this  case  is 
made  by  the  use  of  the  triangle  of  vectors  described  in  Chap.  I, 
page  12.  The  impedance  drop  IZ  is  shown  dotted  in  Fig. 
144(6)  as  it  is  not  used  in  obtaining  E'  by  this  particular 
method. 

It  is  to  be  noted  that  with  a  load  of  imity  power-factor  the 
current  is  in  phase  with  the  terminal  voltage,  but  lags  the  gene- 
rator induced  voltage  by  an  angle  a. 

It  is  a  simple  matter  to  find  E'  if  the  other  quantities  are  known. 
E'  is  the  hypotenuse  of  a  right  triangle  of  which  (F  +  IR)  is 
one  side  and  IX  the  other. 

E'  =  ViV  +IRy+{IXy  (38) 

Example, — ^A  60-kv-a.,  220-volt,  60-cycle  alternator  has  an  effective  arma- 
ture resistance  of  0.016  ohm  and  an  armature  reactance  of  0.070  ohm. 
What  is  its  induced  emf.  when  the  machine  is  delivering  its  rated  current 
at  a  load  power-factor  of  unity? 

The  current     /  =       '  ^     =  273  amp. 

IR  =  273  X  0.016  =  4.37  volts. 
IX  =  273  X  0.070  =  19.1  volts. 

E'  =  \/(220  +  4.4)«  +  (19.1)2  =  225  volts.     Ans. 

Lagging  Current. — When  the  current  lags  the  terminal  voltage 
by  the  angle  6,  the  same  method  is  employed  to  calculate  the  in- 
duced emf.  Figure  145  (a)  shows  the  current  /  lagging  the 
terminal  voltage  V  by  the  angle  6.  The  IR  drop  is  along  the 
current  vector  /,  and  the  IX  drop  is  in  quadrature  with  I  and 
leading,  as  before.  The  resulting  impedance  drop  IZ  is  then 
found,  being  the  resultant  of  IR  and  IX,  This  impedance  drop 
is  then  added  vectorially  to  F,  giving  the  armature  induced  emf,, 
E'.  It  will  be  noted,  Figs.  144  and  145,  that  the  position  of  the 
armature  impedance  triangle  is  determined  by  the  current  and 
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not  by  the  generator  voltage.     Therefore,  when  the  current  lags, 
this  impedance  triangle  swings  clockwise  with  the  current. 

As  before,  the  impedance  drop  may  be  added  at  the  end  of  F,  if 
the  proper  phase  relations  are  observed.  The  most  direct  method 
of  finding  the  induced  emf.  E'  is  to  use  the  method  described 
under  the  triangle  of  vectors,  page  12.  //?,  which  is  in  phase 
with  the  current,  is  first  added  vectorially  at  the  end  of  the  ter- 
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Fig.   145. — Alternator  vector  diagram  for  power-factor  cos  0^  current  lagging. 

minal  voltage  V,  Then  the  reactance  drop  IX,  at  right  angles 
to  the  current  and  leading,  is  added  at  the  end  of  IR.  The 
resultant  voltage  foimd  by  completing  the  polygon  is  the  induced 
emf.  E/  This  method  is  illustrated  in  Fig.  145  (6),  where  IR  is 
parallel  to  /  and  IX  is  at  right  angles  to  /  and  leading.  The 
geometrical  solution  of  this  diagram  is  quite  simple.  If  7/2  is 
projected  on  the  current  vector  7,  a  right  triangle  of  voltages, 
Ohd,  is  formed,  of  which  E'  is  the  hypotenuse.  The  values  of  the 
two  legs  of  this  right  triangle  may  be  found  as  follows: 

Oa  =  V  cos  6 
ab  =  IR 

aV  =  he  =  7sin  6 
cd  =  IX 

E'  =  VoP+W^  =  \/{0a  +  ahy  +  (6c  +  cdy 

=  \/(F  cos  ^  +  IRY  +  {V  sin^  +  IXy  (39) 

The  ciurent  now  lags  the  induced  voltage  E'  by  the  angle  a', 
which  can  be  readily  determined. 

,  _bd  _  F  sin  g  +  IX 
^°  "*   ~  Ob'  V  cose +  IR 
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Examjde. — Determine  E'  for  a  load  in  which  the  power-factor  is  0.7, 
current  lagging,  using  the  constants  of  the  example  on  page  138. 

The  rating  of  an  alternator,  as  has  already  been  pointed  out,  depends 
on  the  current  or  kilovolt-amperes  rather  than  the  kilowatts.  Therefore, 
the  current  rating  of  the  generator  will  remain  unchanged,  although  the 
kilowatts  in  this  problem  are  reduced  to  0.7  of  their  former  value. 

cos  ^  =  0.70  IR  =  4.37  volts  as  before. 

e  =  45.6** 
sin  0  :=  0.714  IX  =  19.1  volts  as  before. 

E'  =  \/(220  X  0.70  +  4.4)*  +  (220  X  0.714  +  19.1)«  =  237  volts.     Ans. 

It  is  to  be  noted  that  the  induced  emf .  is  now  higher  than  before, 
although  the  value  of  the  impedance  drop  itself  is  the  same. 
Therefore,  for  a  fixed  value  of  induced  emf.,  the  terminal  volts 
become  less  with  increasing  lag  of  the  current,  even  though  the 
value  of  the  current  remains  unchanged.  This  is  due  to  the  angle 
at  which  the  impedance  drop  subtracts  from  the  induced  emf. 
It  would  be  expected,  therefore,  that  the  regulation  of  an  alter- 
nator would  be  poorer  for  lagging  current. 

At  unity  power-factor,  the  armature  resistance  drop  is  the 
important  factor  in  determinng  the  value  of  E\  With  a  lagging 
current,  the  resistance  drop  plays  but  a  small   part  and  the 

armature  reactance  drop  becomes  the 
important  factor. 

Leading  Current. — ^Figure  146  shows 
the  alternator  vector  diagram  when 
the  current  leads  the  terminal  voltage 

^  '^  ' *v^V^      by  an  angle  9.    As  the  current  changes 

Fig.  146.— Alternator  veo-  its  phase  relation  with  respect  to  the 
tor  diagram  for  power-factor   yoltage    7,    the   impedance    triangle 

cos  0f  leading  current.  ••it  • 

swings  with  the  current  m  a  counter- 
clockwise direction  about  the  end  of  V,  E'  is  found  in  the  same 
manner  as  in  Fig.  145.  The  voltage  drop  Zfl,  parallel  to  the 
current,  is  projected  on  the  current  vector. 

Oa  =  V  cos  e 
ah  =  IR 
aF  =  6c  =  7  sin  6 
cd^IX 

E'  =  \/W  +  W  =  y/iPa  +  ahy^-  (be  -  cd)^  « 

V{V  cos  6  +  IRY  +  (7  sin  6  -  IXy  (40) 
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This  differs  from  equation  (39)  only  in  the  sign  of  IX,  which 
is  now  negative. 

Example, — Repeat  the  foregoing  problem  when  the  power-factor  is 
0.7,  current  leading. 

cos  0  =  0.70  IR  =  4.37  volts 

sin  e  =  0.714  IX  =  19.1  volts 

E'  =  \/(220  X  0.70  +  4.4)«  +  (220  X  0.714  -  19.1)*  =  207  volts.     Ans, 

The  induced  emf.  in  the  armature  is  now  less  numerically 
than  the  terminal  voltage.  This  is  a  condition  which  cannot 
exist  in  a  direct-current  generator.  It  results  from  the  phase 
position  of  the  IZ  drop  with  respect  to  V. 

65.  Alternator  Regulation. — ^The  voltage  £',  as  determined  in 
the  preceding  paragraph,  is  the  voltage  induced  in  the  alternator 
armature  under  load  conditions.  In  practice  it  is  a  quantity 
difficult  to  measure  and  can  be  calculated  only  approximately. 
There  is  no  simple  method  of  making  a  du-ect  measurement  of 
the  armature  reactance  X.  As  a  matter  of  fact,  it  is  seldom  neces- 
sary to  know  either  the  value  of  E'or  of  the  armature  reactance  X. 

A  knowledge  of  the  voltage  regulation  is  very  important 
because  it  shows  how  closely  a  machine  will  maintain  its  voltage 
from  no  load  to  full  load,  under  the  various  conditions  of  load. 

If  there  were  no  armature  reaction,  E'  would  be  the  no-load 
voltage  of  the  machine,  just  as  in  a  separately  excited  direct- 
current  generator  the  induced  voltage  under  load  would  be  equal 
to  the  no-load  voltage  if  there  were  no  armature  reaction.  The 
effect  of  armature  reaction  is  to  change  the  value  of  the  magnetic 
flux,  and  this  is  accompanied  by  a  corresponding  change  in  the. 
value  of  the  induced  emf.  The  effect  of  armature  reaction  on 
the  operation  of  the  machine  is  analyzed  in  the  methods  for 
determining  regulation. 

It  is  usually  impossible  to  find  the  regulation  of  an  alternator 
by  actual  loading,  particularly  in  the  larger  sizes,  until  after  the 
machine  has  been  put  in  service,  and  even  then  it  may  be  difficult 
to  secure  the  desired  adjustment  of  the  load.  To  set  up  a  gen- 
erator for  a.  load  test  requires  a  machine  for  driving  purposes, 
and  considerable  power  may  have  to  be  supplied  and  absorbed. 
With  polyphase  generators  there  is  the  added  difficulty  of  obtain- 
ing a  balanced  load. 
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The  regulation  of  a  machine,  however,  may  be  calculated  with 
sufficient  accuracy  from  data  obtainable  from  open-circuit  and 
short-circuit  tests.  These  tests  involve  very  little  power  supply 
and  do  not  require  any  power-absorbing  devices.  There  are 
three  common  methods  for  determining  regulation,  the  syn- 
chronous impedance  or  electromotive  force  method,  the  magnetomotive 
force  method,  and  the  A.  I.  E.  E.  method.  The  application  and 
limitations  of  each  method  will  be  discussed  in  some  detail. 

66.  Synchronous  Impedance  Method,  or  Electromotive  Force 
Method. — This  method  is  often  called  the  pessimistic  method, 
because  it  gives  a  value  of  the  regulation  poorer  than  that  actu- 
ally existing  in  practice. 

The  principle  is  as  follows:  The  armature  reaction  is  combined 
with  the  armature  reactance,  or  what  amounts  to  the  same  thing, 
the  armature  reactance  is  increased  a  sufficient  amount  to  allow 
for  the  effect  of  armature  reaction.  That  this  may  be  done  can 
be  shown  as  follows. 

In  Fig.  147  a  sine  distribution  of  flux  along  the  air-gap  is 
assumed.  The  line  ab  is  the  coil  axis.  When  the  coil  axis  lies 
along  the  pole  axis  oo,  as  is  shown  in  (a),  the  flux  linking  the 
coil  is  a  maximum.  When  the  coil  axis  ab  reaches  position  a'6', 
as  shown  in  (6),  the  flux  linking  the  coil  is  zero.  Therefore,  the 
flux  linking  the  coil  varies  with  the  time  and  at  a  frequency  equal 
to  the  frequency  of  the  induced  electromotive  force.  In  position 
(a),  the  flux  linking  the  coil  is  a  maximum,  and  the  induced  emf. 
is  zero.  In  position  (6),  the  flux  linking  the  coil  is  zero,  and  the 
induced  emf.  is  a  maximum.  It  is  seen  that  the  emf.  induced 
.  in  the  coil  reaches  its  maximum  value  90  electrical  space-degrees 
later  than  the  flux,  linking  the  coil,  and,  therefore,  later  in  time. 
The  flux  linking  the  coil  may  then  be  said  to  lead  by  90°  the 
emf.  which  it  induces. 

As  the  flux  linking  the  coil  and  the  emf.  induced  in  the  coil 
vary  sinusoidally  with  the  space  position  of  the  coil,  their 
instantaneous  values  may  be  found  by  means  of  rotating  vectors. 

These  space  relations  are  shown  graphically  in  Fig.  147  (c). 
When  the  coil  axis  ab  lies  along  the  pole  axis  oo  the  flux  linking 
the  coil  is  a  maximum  and  the  induced  emf.  E'  is  zero.  As  the 
coil  axis  ab  moves  to  the  right,  the  flux  <t>  linking  the  coil  decreases 
sinusoidally  and  the  induced  emf.   E'  increases  sinusoidally. 
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When  the  coil  axis  ab  reaches  a'b',  midway  between  pole  centers, 
the  flux  linking  the  coil  is  zero  and  the  induced  emf.  E'  is  a 
maximum.  Under  the  conditions  assumed,  the  flux  wave  leads 
the  emf.  wave  by  90°,  as  is  shown  in  Fig.  147  (c). 

These  space  relations  may  also  be  shown  by  rotating  vectors, 
Fig.  147  (d).  The  vector  <t>  is  equal  to  the  maximum  value  of 
the  flux  linking  the  coil,  and  the  vector  E'  is  equal  to  the  maxi- 
mum value  of  the  induced  emf.     Each  position  of  these  two 
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Fig.  147. — Relation  of  flux  linking  alternator  coil  to  induced  voltage  in  coil. 

rotating  vectors  represents  a  different  position  of  the  armature 
coil  relative  to  the  field  poles.  The  instantaneous  value  of  either 
quantity,  <t>  or  E\  is  found  by  projecting  its  vector  on  the  verti- 
cal axis  YY.  It  is  seen  that  the  flux  0  reaches  its  maximum 
value  90  space-degrees  in  advance  of  the  emf.  E\ 

Figures  147  (c)  and  147  (d)  are  space-phase  diagrams.  Figure 
147  (c)  shows  the  flux  linking  the  coil  and  the  induced  emf.  in  the 
coil  for  different  space  positions  of  the  coil  as  it  moves  relative 
to  the  field  poles.  Figure  147  (d)  shows  these  same  quantities  as 
rotating  vectors. 
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Ordinarily,  the  emf.  and  current  vectors  represent  the  phase 
relations  of  these  quantities  with  respect  to  the  time.  (See 
Chap.  I,  Fig.  5.) 

Although  <^,  the  flux  linking  the  armature  coil,  and  JS',  the 
induced  emf.  in  the  coil,  vary  with  the  s^pace  position  of  the  coil, 
they  vary  also  with  the  time.  When  the  coil  moves  through  360 
electrical  degrees  in  space  with  respect  to  the  poles,  the  emf. 
wave  passes  through  360  electrical  degrees  in  tiws.  The  time  of 
doing  this  is  l//sec.,  where /is  the  frequency  in  cycles  per  second. 
Therefore,  the  time  required  for  the  coil  to  pass  through  a  given 
number  of  electrical  space-degrees  is  equal  to  the  time  required 
for  the  emf.  to  pass  through  an  equal  number  of  electrical  tim^- 
degrees.     For  this  reason  a  space-phase  diagram  and  a  tim^-phase 


E^  No  •load  emf. 


F, 


IjnpreMed\        \\^ ^  /      £' -Bmf.ander 

Field 


A 
Fig.  148. — Vector  diagram  of  alternator  mmfs.  and  emfs. 

diagram  may  often  be  combined,  just  as  the  angular  variation 
of  emf..  Chap.  I,  Fig.  3,  page  4,  was  changed  to  the  time  varia- 
tion of  emf..  Fig.  5,  page  6.  The  space-phase  diagrams  of 
Figs.  147  (c)  and  147  (d)  may  also  be  considered  as  time-phase 
diagrams. 

Figure  148  shows  the  vector  diagram  of  an  alternator,  in  which 
the  current  /  is  in  phase  with  the  induced  emf.  E'.  As  F  is  the 
resultant  field,  E'  must  lag  F  by  90°.  It  was  shown  in  Fig.  138, 
page  134,  that  under  these  conditions  the  armature  reaction  acts 
at  right  angles  to  the  resultant  field,  F.  Therefore,  the  armature 
mmf.,  or  the  armature  reaction  -A,  must  have  a  space  position  of 
90°  behind  the  resultant  field  F.  This  brings  it  in  phase  with  JS', 
and  therefore  in  phase  with  the  current  /,  as  it  should  be  of  course. 
As  F  is  the  resultant  field,  it  must  be  the  vector  sum  of  the  im- 
pressed field  Fi  and  the  armature  reaction  field  A,  as  shown  in 
the  vector  diagram. 
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In  a  non-«alient  pole  machine,  the  space-direction  of  the  resul- 
tant flux  will  be  the  same  as  that  of  the  resultant  mmf .  F.  In  a 
salient  pole  machine,  the  space-direction  of  the  resultant 
flux  usually  is  not  the  same  as  that  of  the  resultant  mmf.  vector 
F,  due  to  the  fact  that  the  flux  tends  to  seek  the  paths  of  mini- 
mum reluctance.  The  flux  therefore  is  distorted  in  the  direction 
of  the  pole-pieces.  In  salient  pole  machines  this  introduces  errors 
in  the  methods  used  for  predetermining  alternator  regulation. 

If  the  armature  reaction  were  zero,  due  to  there  being  no  load 
on  the  machine,  the  resultant  field  would  obviously  be  the  im- 
pressed field  Fi,  The  no-load  induced  voltage  must  be  90®  behind 
Fi,  as  shown  at  F,  Fig.  148,  because  the  no-load  induced  emf. 
lags  the  no-load  field  by  W. 

It  will  be  recognized.  Fig.  148,  that  Fi,  F,  A  constitute  a  space 
diagram  of  mmf.  vectors  taken  from  Fig.  138.  E'  is  also  a  space 
vector  when  considered  as  being  combined  with  the  mmf. 
diagram  shown  in  Fig.  147  (c)  and  (d).  As  the  linking  of  the 
resultant  flux  F  with 
the  armature  coils  also 
varies  with  time,  as 
described  on  page  143, 
F  mav  be  considered  as 
being  a  tim£  vector. 
E'  is  also  a  time  vector, 
just  as  /  and  E  are  time 
vectors,  so  that  it  may 
be  combined  with  them 
also.  Hence,  E'  and  F 
are  connecting  links  be- 
tween the  space  diagram 

of    mmfs.    and    the   time       Fio.  149.  —  Relation  of  induced   voltages  to 
diagram  of  currents  and   f^fX^^^i^^^"^  mmf.-current  laRging  induced 

voltages.   Therefore,  the 

space  and  the  time  diagrams  may  be  combined  into  the  one 

given  in  Fig.  148. 

When  the  current  lags  the  induced  electromotive  force  by  90**, 
the  armature  reaction  is  in  exact  opposition  to  the  resultant 
field.  (See  Fig.  140,  page  135.)  Figure  149  shows  the  vector 
diagram  for  this  condition.    The  current  /  lags  the  induced 

10 
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emf .  E^  by  90®.  The  armature  reaction  A  being  in  direct  opposi- 
tion to  Fi  is  therefore  in  phase  with  the  current.  The  resultant 
field  F  is  found  by  subtracting  the  armature  reaction  A  from  the 
impressed  field  F j .     Eis  the  no-load  voltage  due  to  field  Fi. 

In  either  Fig.  148  or  Fig.  149  the  no-load  voltage  E  is  foimd  by 
adding  vectorially  a  voltage  E'E  to  E\  this  voltage  E'E  always 
being  in  quadrature  with  the  current. 

If  the  voltage  E'E  adds  in  quadrature  with  the  current,  it 
must  be  in  phase  with  the  IX  component  of  voltage  already 
discussed.  This  is  illustrated  in  Fig.  150.  The  current  /  is 
shown  lagging  the  terminal  voltage  V  by  an  angle  9,     The  inter- 


Fio.  150. — Complete  vector  diagram  for  the  synchronous  impedance  method. 

nal  voltage  of  the  armature  E'  is  found  by  adding  IR  and  IX 
vectorially  to  V.  The  resultant  field  F  is  90°  ahead  of  E\  By 
adding  voltage  E'E  to  E\  and  in  quadrature  with  the  current 
/,  the  no-load  voltage  E  is  found.  The  voltage  E'E  does  not 
actually  exist  under  load,  for  E  is  the  no-load  induced  emf.  and 
E'  the  load  induced  emf.  However,  E'E  represents  the  drop 
in  voltage  due  to  the  reduced  flux  caused  by  the  armature  reacr- 
tion  A,  E'E  lags  the  armature  mmf.  vector  —A  by  90°  and 
would  be  proportional  to  —A  if  there  were  no  saturation  of  the 
iron.  E'E  may  then  be  considered  as  an  emf.  induced  by  the 
armature  reaction,  —A.  As  a  maMer  of  fact,  however,  E'E  is  a 
fictitious  voltage  which  replaces  the  effect  of  change  in  flux  due  to 
armature  reaction. 

It  is  also  evident  that  if  IX  be  increased  in  value  to  /X„  where 
IXt  =  IX  +  E'E,  E  may  be  computed  without  knowing  E'. 
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This  assumes  that  the  voltage  E'E  is  always  proportional  to  the 
armature  current,  which  is  not  strictly  true.  The  foregoing  is 
the  principle  of  the  electromotive  force  or  synchronous  impedance 
method.  The  rational  or  general  method  is  first  to  compute  E'. 
Find  from  the  saturation  curve,  the  field  current  F  corresponding 
to  E\  Add  —A  to  F  vectorially  to  find  Fi,  and  then  from  the 
saturation  curve  find  E  corresponding  to  the  field  current  Fi. 
One  serious  objection  to  this  method  is  the  difficulty  of  de- 
termining the  armature  leakage  reactance  X.  It  cannot  be 
readily  measured  and  can  only  be  roughly  calculated.  These 
calculations  and  the  general  solution  of  the  diagram  are  both 
laborious.  The  determination  of  the  regulation  is  very  much 
simplified  if  X  be  increased  to  the  value  X,,  so  that  E  is 
foimd  directly  without  knowing  E',  X,  is  called  the  synchron- 
ous  reactance  of  the  alternator.  The  corresponding  impedance 
Z,  ( =  \//J*  +  X,0  is  called  the  synchronous  impedance  of  the 
alternator. 

The  synchronous  re- 
actance is  determined 
experimentally  as  fol- 
lows: The  saturation 
curve  of  the  alternator, 
E  and  If,  is  first  deter- 
mined in  the  usual 
manner  and  the  curve 
plotted  as  shown  in  Fig. 
151.  The  field  is  then 
made  very  weak  and  the 
alternator   armature    is 

short-circuited     through     ^°-  151.— Open-circuit  and  short-circuit  char- 

^  actenstics  of  an  alternator. 

an  ammeter.     The  field 

is  then  gradually  strengthened  and  a  new  curve  of  armature 
current  and  //  is  determined.  The  field  is  increased  until  the 
armature  current  is  almost  twice  its  rated  value.  These  two 
curves  are  shown  plotted  in  Fig.  151. 

Consider  some  value  of  field  current  /'/.  On  open-circuit  this 
field  current  produces  a  voltage  J?i.  On  short-circuit  the  termi- 
nal voltage  of  the  machine  is  practically  zero.  The  voltage  J?i 
does  not  actually  exist  in  the  armature  at  short-circuit  because 
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of  armature  reaction.  (The  voltage  actually  izidiiifed  is  P^  fi^ 
152.)  However,  if  the  effect  of  the  armature  refU!tnai^«  icplaced 
by  an  annature  reactance  drop,  the  voltage  ^iHMjrbe-cfflafflDdered 
:u*  V>eing  entirely  used  in  sending  the  current  Ii  iJircrairit  ttEw-  anna- 
lure  impedance.     That  is» 

4  where  Z,  is  the  itynckni'n^i^  i/np^damce 

of  the  annature.    This  ?&jir:-<in!uft  con- 

i  r   V 

^»^» /•  '   *  dition  is  represented  vectoraJEy  m  Fig. 

^~/.  ^o '  152,  where  /i  is  the  ^Drt-rirOTH  cnn^nt 

i-J i >ij  and  Ei  the  assumed  internal  emf.  of  the 

^»^  armature.     The  synchronoos  impedance 

KiG.  152.-Short-circuit  ye<..-    jj.^     j^  jj^^^         ^f  ^^^^  eomOOOeilt^.  /ti2. 
tor  diagram  of  an  alternator.         ,^.,-.-  -  .» 

where  ft  is  the  effective  reastanee  ot  the 
Hiinature,  and  /lA',,  where  X,  is  the  ^rnchronooj  reactance  of 

the  armature. 

El 

Obviously,  Z,  =  y-  '41  = 

and  A'.  =  VZ.2  -  ff*  (.42) 

In  practice  /i  is  small  compared  with  Z,  and  they  combine 
almost  in  quadrature  so  that 

A.  =  -J-  very  nearly, 
i  1 

Th(^  value  of  the  synchionous  reactance  depends  to  a  large 
extent  upon  the  degree  of  satm*ation  of  the  iron.  For  example. 
:it  low  saturation  the  armature  mmf.  will  have  a  much  greater 
I'ft'ect  on  the  magnetic  circuit  than  if  the  iron  weie  saturated. 
Therefore,  under  short-circuit  conditions,  where  the  ircm  is  oper- 
ating at  low  saturation,  the  synchronous  reactance  wfll  be  too 
Uuye.  The  variation  of  synchionous  impedance  with  field  cur- 
I  ent  is  sliown  in  Fig.  151.  As  the  iix>n  becomes  more  saturated, 
the  synclux)nous  impedance  decreases.  Under  operating  ccMidi- 
( ions,  the  iron  is  considerably  more  saturated  than  it  is  under 
>hort -circuit  eonditioiLs.  In  order  to  approach  as  near  as  poeaUe 
lo  operating  conditions,  it  is  desirable  to  obtain  the  synchronous 
impedance  at  the  highest  possible  value  of  annature  cunent,  as 
at  ^i,  Fig.  151.  Also,  the  synchronous  impedance  is  determined 
at   N'cry  low  power-factor,  corresponding  to  short-circuit  condi- 
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tkxKSy  as  aiiovi&  bj  F%.  1^  vkere  tbe  aafie  «'  bgf  rai  tke  ctn^ 
rent  and  the  emf.  Ei  is  Bearir  Vf.  Therefore,  the  aimatore 
cmmit  b  a  maiiiiKiim  vhen  the  aaes  of  the  anaatare  eoik  are 
afanoet  oppoate  the  pole  eentos  as  diowii  in  F%.  119.  paf>e  1S4. 
As  the  annature  magDecomodre  force  has  hs  mamnum  efiect 
under  these  concfitioBs,  the  ralue  of  the  S3mchrQiKNis  impedaaee 
so  deienmned  is  too  iaiipe  for  other  poehioiis  of  the  eoiL  as  shovn 
in  Fig.  137.  pa^  133. 

It  win  be  seen  that  the  xahie  of  sjnchroDOvis  in^^edance  deter- 
mined at  sfacHt-drnm  is  too  loryr  and  will  make  the  eaktK 
lated  vafaie  of  re^ulatkm  too  fa%h.  Theief  ore,  the  svnchroooos 
impedance  method  is  called  the  ptsnmiwtie  method.  It  is  a  safe 
method  to  use  when  making  a  guarantee,  because  the  machine 
always  regufattes  better  than  the  computed  xahies  indicate. 

The  following  erampie  will  iDustrate  the  use  of  this  method: 


cirrah  elertromotzTe  force  cf  300  Txihs  vinen  the  field  nurent  ib  14  anp. 

When  the  TnarhJne  is  aborKlituited  throo^  an  ammKn',  the  anBaturr 

current  is  160  aoop^  the  field  current  BtiD  being  14  anp.     The  ohaKir  reaip 

taikoe  a[  the  Armatore  between  tenninak  is  0.16  chm.     The  xmtao  of  elfectrre 

to  c^imic  reastmnoe  maj  be  taken  as  1.2.     (a)  Detcnmne  the  GTnchronous 

impedazkce  of  the  Tnarhine      (b)  The  synchronoiff  reactance.     (c>  The  regu- 

latioD  &t  0.8  power-iactor.  earrent  ^gg*^ 

50,000 


The  ratfod  cmient  of  the  machine  /  —     S^     —  91  an^^. 

300 

(a)  The  BjnehronoiiB  impedance  Z«  =  r^  ^  1.S7  ohma. 

The  effective  reostanee  :=  1^  X  0.16  =  ai92  ohm. 

(b)  X.  =  V(1.87)«  -  (0.192)«  =  1.86  cAms. 

<c)  eoa  tf  ==  as  Bin  tf  ==  a6. 

A|^^hring  equation  (39),  page  139. 

E  =  V[(550  X  0.8)  -\-  (91  X  0.192)p  -h  [(550  X  0.6)  -}-  (91  X  1.86>F 
=  V209,000  -h  249,000  =  677  vohs. 

The  definitkm  of  Teffvlation  for  an  ahemator  is  the  same  as  for  a  direct- 

currrait  generator  (VoL  I,  pa^  292,  Par.  199),  namehr  the  perctentage  rise  in 

voltage  when  rated  load  is  taken  off  the  machine.     Ab  the  synckranam 

reactance  was  used  in  the  foregoing  problem,  the  armature  reaction  was 

taken  into  consideration,  bo  that  the  no-load  voltage  of  the  machine  is  pre> 

sumably  677  vohs.     Therefore,  the  regulation  is 

677  —  'kiin  127 

r^jr 100  =  ^^7:  100  =  23.1  per  cent.     An*. 

It  is  to  be  noted  in  the  foregoing  problem  that  the  armature 
impedance  Z«  is  practically  equal  to  the  synchronous  reactance 
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X0,  and  in  most  eases  it  may  be  asBomed^  witiioiit  appfedaUe 
error,  as  being  equal  to  it. 

67.  Tbree-phaae  Application. — ^The  preceding  discnaBcm  and 
problems  have  aQ  been  applied  to  an^e-phase  gen«AtoTS.  This 
has  been  done  merely  to  illustrate  methods.  Very  poor  results 
accompany  the  practical  application  of  these  methods  to  angle- 
jjiiase  alternators.  In  a  single-phase  alternator  the  armature 
reaction  is  pulsating,  even  for  a  constant  value  of  armature  cur- 
rent. The  flux  in  the  poles  pulsates,  because  of  the  variation  of 
the  current  in  the  armature  coils  as  they  pass  the  poles.  For 
this  reason  the  synchronous  reactance  is  an  indefinite  quantity 
and  calculated  results  of  regulation  with  angle-phase  machines 
are  far  from  satisfactory. 

In  a  polyphase  machine,  however,  the  armature  reaction  is 
substantially  constant  if  the  load  be  constant  and  balanced. 
When  the  current  in  one  phase  has  decreased,  the  resultant  cur- 
rent of  the  other  two  phases  has  increased,  etc.  Therefore,  the 
magnetomotive  force  of  the  armature  is  {tactically  constant  in 
value  and  is  stationary  in  space  with  respect  to  the  field  pedes. 
That  is,  if  the  field  poles  rotate,  the  armature  mmf .  follows  them 
at  rotor  speed  and  is  practically  constant  in  magnitucfe  for  a 
fixed  value  of  armature  current.  This  effect  will  be  described 
more  in  detail  under  the  induction  motcn*. 

Under  these  conditions  the  synchronous  reactance  becomes  a 
more  definite  quantity  and  more  satisfactory  results  are  therefore 
obtainable  with  these  various  methods  of  testing.  Figure  153  (a) 
shows  the  connections  for  making  the  open-circuit  test  of  a 
three-phase  alternator.  This  is  substantially  the  same  method 
as  is  used  with  direct-current  generators.  The  field  is  excited 
from  some  direct-current  source  and  the  field  current  is  measured 
with  an  ammeter.  The  armature  is  driven  at  the  rated  or  syn- 
chronous speed  and  the  open-circuit  voltage  measured  for  differ- 
ent values  of  field  current.  The  voltage  of  one  phase  only  need 
be  measured  as  the  phase  voltages  should  all  be  equal.  A  fre- 
quency indicator,  F,  may  be  used  for  determining  the  speed  of 
the  machine.  An  additional  resistance,  Ri,  in  the  field  circuit 
is  often  necessary  for  obtaining  the  points  on  the  lower  part  of  the 
saturation  curve. 

In  the  short-circuit  test  all  three  phases  must  be  short^ir- 
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cuited.  There  are  two  methods  of  connecting  the  ammeters  in 
this  test.  They  may  be  connected  in  Y,  Fig.  153  (6),  in  which 
case  the  ammeters  read  the  line  current  directly,  or  they  may  be 
connected  in  delta,  Fig.  153  (c),  in  which  case  the  line  current  is 
obtained  by  multiplying  the  ammeter  readings  by  \/3  or  1.73. 
With  delta  connection  the  ammeters  need  be  only  about  half  the 


D.C.Soprly 


(a)   Open-Circuit  Test 


(^hj  Short- Circuit  Test  -  Ammeters  ia  Y 


D.C.  Supply 


■J    aX^\    ■      '    ^/'x^/» 


Field 


(c)  Short-Circuit  Test  -Ammeters  in  D.lta 
Fig.  153. — Connections  for  making  open-  and  short-circuit  tests  of  an  alternator. 

range  (1/1.73  or  0.58)  necessary  for  the  Y-connection.  The 
average  of  the  ammeter  readings  is  usually  taken,  although  there 
should  be  but  little  difference  in  the  three  readings. 

In  calculating  the  regulation  of  a  three-phase  alternator,  only 
one  of  its  three  phases  is  considered  when  making  computations. 
The  regulation,  efficiency,  etc.,  of  one  phase  is  determined  and 
the  machine  being  symmetrical,  the  other  phases  will  have  similar 
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,nd  its  regulat^^ 

.be  short-circui-b^  c: 
This  correspond 
,.  open-circuit 

.jre  is 
im  voUs 

0.90  ohm  -  X,  nearly. 

• ,  0  12  ohm,  it  includes 
a  .o  that  the  ohmic  resist:. 
,,  resistance  per  coil  is  ec^vx 

1^00/)?^.  =  376  amx> . 
^^^   =  1,330  vo\ts. 

*  1 

^ud  by  applying  equation  C^-^^ 
.^0,00)r^+Kl,330X0.527> 


O-SS  power- 

t>   is  1,40(] 

cimp.  in 

Itage  is 


o  coilB  Id 
«  per  coil 
tx>  1.6  X 

terminal. 


jn-v  eoil 


==  V;330 


I>age  139. 
<L^6  X  0.90)]= 
^7.4  per  cent 


■■  r> 


^O 


,,u    usins;   this  value  -  -^^sr-^Tl  2,300  _   ,7, 

l>er  cent.     Ans, 

a  Delta-connected  Getier^t:or.— It  -^  ^ 

^vhether  a  macVime  is  ^"^^i^xrxected  or  delta 

.   %vmdmg  itseli  be  inspect^  ^      Fortunately 

...aec,  so  iar  as  calculation  of    the  regulatioi 

:  .miv  the  machine  be  y-^otixxected  or  delta 

....y  \3c  assumed  to  be  either  and  the  result  i 

k  is  consistent.    In  the  delta  machine,  the  lin 

oil  voltage  are  equal,  but  tbe  coil  current  is  th 

'    'dod  by  VS-    Tli^  ammeters  connected  in  delt£ 

^"<i.  A  53  (c),  measure  the  coil  current  directly. 

-limed  in  the  problem  oi  the  preceding  paragrap 
^^^nohine   is   delta-connected.    TJsing  240  amp.,  tl: 


152 


ALTERNATING  CURRENTS 


chaxacteristics.  Therefore,  only  the  single-phase  calculation? 
already  described  are  necessary.  Two  conditions  ariae,  one  when 
the  machine  is  considered  as  being  Y-connected  and  the  other 
when  it  is  considered  as  being  delta-connected.  In  each  case 
only  coil  values  of  current  and  voltage  are  used. 

68.  Regulation  of  a  Y-connected  Generator. — If  the  machine 
is  considered  as  being  Y-connected,  the  coil  voltage  is  equal  to  the 
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Fia.  164. — Open-  and  Bhort-circuit  characteristics  of  a  1500  kv-a.  alternator. 

line  volt^e  divided  by  \/Z.  The  coil  current  and  the  Une 
current  are  the  same.  The  method  of  dealing  with  such  a  prob- 
lem is  illustrated  by  the  followiag  example : 

^xampIe.-^Figure  164  shows  the  opea-  and  shortroircuit  characteristics 
of  a  l,60fr-kv-a.,  2,300-volt,  6(^cycle  alternator.  Terminal  volts  and  line 
current  are  plotted  as  ordinaies  with  values  of  field  current  aa  abscissas. 
AsBume  that  the  machine  is  Y-conaected.  The  resistance  between  each  pair 
of  terminals  as  measured  with  direct  current  is  0.12  ohm.  Assume  that  the 
effective  resistance  is   l.S  times  the  ohmic   reustanoe.     Determine  the 
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synchronous  reactance  of  the  generator  and  its  regulation  at  0.85  power- 
factor,  current  lagging. 

From  Fig.  154,  the  maximum  value  of  the  short-circuit  current  is  1,400 
amp.,  which  is  equal  to  the  coil  current.  This  corresponds  to  240  amp.  in 
the  field,  and  at  240  amp.  field  current  the  open-circuit  terminal  voltage  is 
2, 180  volts.     The  coiTesponding  coil  voltage  is 

2,180 

-^  =  1,260  volts 

1  260 
Zt  (per  coil)  =  ,*  ^^  =  0.90  ohm  «=  X,  nearly. 

1,4UU 

If  the  resistance  between  terminals  is  0.12  ohm,  it  includes  two  coils  in 

series,  as  the  Y-connection  is  assumed,  so  that  the  ohmic  resistance  per  coil 

is  0.12/2  =  0.06  ohm.     The  effective  resistance  per  coil  is  equal  to  1.5  X 

0.06  =  0.09  ohm. 

1  500  000    ' 

The  rated  current  of  the  machine  =  — ^—pr  —  376  amp.  per  terminal. 

2,300\/3  ^  ^ 

2  300 
The  rated  voltage  per  coil  =    *  —    =  1,330  volts. 

v3 
The  no-load  volts  per  coil  is  found  by  applying  equation  (39),  page  139. 

cos  g  ==  0.850 e  =  31.8° sin  g  «  0.527 

E  =  \/[(l,330X  0.850)  -f  (376X  0.09)l«-f  [(1,330  X  0.527)  -f  (376  X  0.90)l» 
==  1,560  volts. 

The  percentage  regulation  per  coil  =  — — ^  ^^^^ 100  =  17.4  per  cent. 

Ans. 
The  open-circuit  terminal  voltage  =  l,560\/3  =  2, 700  volts. 

The    percentage    regulation    using   this  value  —  — —      ^^  ^ =   17.4 

per  cent.     Ans. 

69.  Regulation  of  a  Delta-connected  Generator. — It  is  im- 
possible to  determine  whether  a  machine  is  Y-connected  or  delta- 
connected  imless  the  winding  itself  be  inspected.  Fortunately 
it  makes  no  difference,  so  far  as  calculation  of  the  regulation 
is  concerned,  whether  the  machine  be  Y-connected  or  delta- 
connected.  It  may  be  assumed  to  be  either  and  the  result  is 
the  same  if  the  work  is  consistent.  In  the  delta  machine,  the  line 
voltage  and  the  coil  voltage  are  equal,  but  the  coil  current  is  the 
line  current  divided  by  \/3»  The  ammeters  connected  in  delta, 
as  shown  in  Fig.  153  (c),  measure  the  coil  current  directly. 

Let  it  be  assumed  in  the  problem  of  the  preceding  paragraph 
that   the   machine  is   delta-connected.     Using   240  amp.,  the 
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The  value  of  the  angle  a  may  be  found  by  first  finding  the 
angle  /3. 

.    ^       F  sin  ^ 

a  is  usually  so  small  that  it  may  be  neglected. 
The  vector  Fi  leads  V  by  (90  —  a)  degrees,  but  a  is  so  small 
that  it  may  be  neglected.     The  armature  reaction  vector  —A 
is  180**  from  the  current  vector.     By  geometry  the  angle  between 
—  AandFi 

X  =  180**  -  (90**  +  /3) 
=  180**  -  (90**  +  e)  nearly 
=    90**  -  ^  nearly 

F 


Fio.   158. — Vector  diagram  of  magnetomotive  force  method,  lagging  current 

By  the  cosine  law, 

F2  =  Fi2  +  A2  -  2FiA  cos  (90**  +  6)  (43) 

The  voltage  E  corresponding  to  F  and  found  from  the  satura- 
tion curve.  Fig.  157,  is  the  no-load  voltage  of  the  generator. 

Example. — Take  the  example  of  the  preceding  paragraph.     The  exact 

method   will   first  be  used.     The   machine  will  be  considered  as  being 

Y-connected. 

2,300 


The  coil  voltage 


V3 


1,330  volts. 


The  IR  drop  is  376  X  0.09  =«  33.8  volts, 
cos  e  «  0.85  sin  6  «  0.527 

Vi  =  V[(l,330  X  0.85)  -h  (34)]«  -f-  [1,330  X  0.627]^  -  1,359  volts. 
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Algebraic  addition  would  have  given  1,364  volts, 
.     _       1,330  X  0.527       ^--^ 

'^^  ^ 1;359 ^'^^^ 

o   ^   oi    lO       ff   ^  Q1   Q® 

a  =  3L8^  -  31.1°  "=  0.7°  which  is  negligible. 

From  Fig,  154,  the  field  current  corresponding  to  1,359  coil  volts,  or 
2,350  volts  on  the  saturation  curve  (2,350  =  l,359\/3)  is 

Fi  =  266  amp. 

The  rated  current  of  the  coils  is  376  amp.  Corresponding  to  this 
current  (Fig.  154)  the  field  current  is  64  amp.  from  the  short-circuit  test. 

F^  =  266^  +  6i2  -  2  X  266  X  64  cos  (90°  +  31.8°) 
F^  =  92,840     F  =  305  amp. 

From  the  saturation  curve,  the  terminal  voltage  corresponding  to  305 
amp.  field  current  is  2,580  volts  across  the  terminals  or  1,490  coil  volts. 

mi-            ,  ..           1490  -  1,330       ,^^  ,       ^ 

The  regulation  =  TQon ~  P®^  cent.     Ans. 

Because  of  the  low  saturation  on  short-circuit,  a  given  mmf. 
will  produce  a  greater  increase  of  flux  than  an  equal  mmf.  will 
produce  under  operating  conditions,  where  the  iron  is  saturated. 
Therefore,  the  emf.  corresponding  to  a  given  mmf.  at  short- 
circuit  will  be  much  greater  than  the  emf.  corresponding  to  an 
equal  mmf.  taken  higher  up  on  the  saturation  curve.  This  is 
illustrated  in  Fig.  157.  On  short-circuit,  the  voltage  ab  corre- 
sponds to  the  mmf.  ^4.  The  additional  voltage  de  corresponds 
to  a  mmf.  be  equal  to  A,  but  taken  higher  up  on  the  saturation 
curve.  The  voltage  de  is  obviously  much  less  than  the  voltage 
ab.  Hence,  that  part  of  the  mmf.  A  which  replaces  a 
voltage  is  too  small  under  load  conditions.  Therefore,  the  no- 
load  emf.  E  found  on  the  saturation  curve  is  too  low,  and  the  regu- 
lation as  determined  by  this  method  is  ordinarily  less  than  the 
actual  regulation.  For  this  reason  this  method  is  often  called 
the  optimistic  method.  This  is  illustrated  by  the  foregoing  ex- 
ample, when  the  regulation  as  obtained  by.  the  synchronous  im- 
pedance method  is  17.4  per  cent.,  whereas  that  obtained  by  the 
magnetomotive  force  method  is  12.0  per  cent. 

That  part  of  the  mmf.  A  which  actually  is  armature  reaction  is 
too  high  on  short-circuit,  due  to  the  favorable  position  of  the  arma- 
ture coils  with  respect  to  the  field  poles.  As  in  the  synchronous 
impedance  method,  this  factor  tends  to  give  too  high  a  value  of 
regulation.     These  two  sources  of  error  tend  to  offset  each  other 
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in  the  magnetomotive  force  method,  whereas  they  both  produce 
errors  in  the  same  direction  in  the  synchronous  impedance 
method.  Therefore,  the  mmf.  method  usually  gives  results 
closer  to  the  actual  regulation  than  the  synchronous  impedance 
method  does.  The  actual  value  of  the  alternator  regulation 
probably  lies  between  the  two  values  just  determined.  Were 
the  saturation  cm^e  of  the  machine  a  straight  line,  both  methods 
would  give  nearly  the  same  result. 

71.  The  A.  I.  E.  E.  Method. — This  method,  recommended  by 
the  American  Institute  of  Electrical  Engineers,  has  an  advantage 
over  the  other  two  methods,  in  that  the  synchronous  impedance  is 


Field  Current  ^ 


(a)  Vector  diagram  for  a  load  of  very  (6)  Curves  used  for  A.  I.  E.  E. 

low  power-factor.  method. 

FiQ.  159. — The  A.  I.  E.  E.  method. 

measured  when  the  machine  is  operating  at  full  voltage,  and, 
therefore,  at  normal  saturation.  This  is  accomplished  by  apply- 
ing a  load  of  very  low  power-factor,  usually  an  under-excited  syn- 
chronous motor.  The  vector  diagram  for  this  condition  is  shown 
in  Fig.  159  (a).  V  is  the  terminal  voltage  under  these  conditions, 
E  the  open-circuit  voltage,  and  JX,  the  synchronous  reactance 
drop  at  rated  current.  As  the  IR  drop  is  small  and  is  nearly  in 
quadrature  with  V,  the  open-circuit  voltage  is  substantially  equal 
to  the  numerical  sum  of  the  terminal  voltage  V  and  IX9.  There- 
fore, numerically, 

IXs  =  E  -V 

E  —  V 
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X,  is  ordinarily  determined  from  a  Do-load  saturation  curve  and 
a  curve  taken  at  low  power-factor  and  rated  current.  Thus,  in 
Fig.  159  (b),  Oa  is  the  no-load  saturation  curve  and  db  is  a  curve 
taken  at  low  power-factor  and  rated  current.  This  low  power- 
factor  load  is  ordinarily  obtained  by  using  under-excited 
synchronous  motors  as  the  load.  The  rated  terminal  voltage 
of  the  machine  is  cfe,  and  when  the  load  is  thrown  off,  the  open- 
circuit  voltage  obviously  becomes  ca,  as  the  field  current  remains 
constant. 

The  synchronous  reactance  X„  which  is  practically  equal  to  the 
synchronous  impedance,  is  determined  by  dividii^  ab  by  the 
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Fia.  100. — Characteristics  of  aa  altorDstor  at  diSereDt  power-factors. 

rated  current  of  the  machine,  this  being  the  current  at  which  curve 
db  was  determined. 

„        ac  —  be       ab 

X J J 

■When  the  value  of  X.  is  determined,  it  may  be  utilized  in 
finding  the  regulation  in  the  same  manner  as  described  under  the 
synchronous  impedance  method  of  Pars.  68  and  69. 

If  it  is  not  possible  to  load  the  machine,  the  distance  Od  may 
be  found  from  a  short-circuit  test  and  the  curve  db  determined 
from  a  knowledge  of  machines  having  similar  constants. 

The  A.  I.  E.  E.  method  gives  too  targe  a  value  of  regulation 
for  machines  having  salient  poles,  as  the  armature  reaction  is 
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too  large  at  low  power-factors  since  the  coil  is  acting  directly 
upon  the  magnetic  circuit  of  the  generator,  as  has  been  shown 
in  Fig.  139,  page  134. 

From  the  foregoing  it  is  obvious  that  for  a  given  current  the 
regulation  depends  on  the  power-factor.  The  regulation  has  the 
greatest  values  at  low  power-factors,  lagging  current.  At  unity 
power-factor,  the  regulation  is  usually  some  nominal  value,  that 
is,  from  5  to  10  per  cent.  With  leading  current,  the  voltage  tends 
to  rise  as  load  is  applied  and  the  regulation  may  be  zero  or  even 
negative.  Figure  160  shows  three  typical  load  curves  of  an 
alternator,  one  being  taken  at  unity  power-factor,  the  second  at 
0.8  power-factor,  lagging  current,  and  the  third  at  0.8  power- 
factor,  leading  current.    The  regulation  in  each  case  is  as  follows: 

Regulation  = r — 

It  should  be  kept  in  mind  that  for  a  fixed  kilowatt  output  the 
regulation  with  lagging  current  is  even  poorer  than  the  values 
obtained  for  fixed  current  output. 

72.  The  Tirrill  Regulator. — An  automatic  voltage  regulator 
of  the  Tirrill  type  for  direct-current  machines  is  described  in 
Vol.  I,  Chap.  XI,  page  306.  An  automatic  voltage  regulator  is 
much  more  essential  in  the  smaller  alternating-current  stations 
than  in  direct-current  stations  The  voltage  changes  in  the  gen- 
erator and  throughout  the  system  are  greater  with  alternating 
current  than  with  direct  current  because  of  the  added  reactance 
drop  in  the  generator  armature,  transformers,  feeders,  etc. 
Alternating-current  generators  cannot  readily  be  compounded 
to  compensate  for  voltage  drop  as  direct-current  generators  are. 

The  Tirrill  regulator  is  also  designed  to  be  used  with  alterna- 
ting-current generators.  As  with  large  direct-current  machines, 
the  regulator  acts  through  the  field  of  an  exciter.  The  under- 
lying principle  of  the  regulator  is  the  same  whether  used  for 
alternating  or  for  direct  current,  the  voltage  being  controlled 
in  each  case  by  the  rapid  short-circuiting  of  the  exciter  field 
rheostat.  Figure  161  shows  the  connections  of  the  alternating- 
current  type  as  applied  to  a  three-phase  alternator. 

There  are  two  control  magnets,  an  alternating-current  control 

magnet  and  a  direct-current  control  magnet. 

The  alternating-current  control  magnet  is  operated  primarily 
n 
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by  a  potential  winding  connected  across  one  phase  of  the  gen- 
erator, usually  through  a  potential  transformer.  The  plunger 
of  this  magnet  acts  upon  one  end  of  a  pivoted  lever.  On  the 
other  end  of  the  lever  there  is  an  adjustable  counter  weight  and 
the  lower  contact  of  the  main  contacts. 

The  direct-current  magnet  is  operated  by  a  winding  connected 
across  the  exciter  terminals.  The  plunger  of  this  magnet  acts 
upon  another  pivoted  lever.  On  the  other  end  of  this  lever  there 
is  the  upper  contact  of  the  main  contacts,  so  that  these  mam 
contacts  are  not  fixed  but  are  "floating,"  A  spring  on  the  con- 
tact end  of  the  lever  tends  to  keep  the  main  contacts  closed. 
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of  alternating-voltage  reKulator. 


There  is  a  differential  relay  magnet  just  as  in  the  direct-current 
regulator.  One  coil  of  this  magnet  always  is  connected  across 
the  exciter  terminals  and  the  other  coil  is  connected  across  the 
exciter  terminals  when  the  main  contacts  are  closed.  A  series 
resistance  limits  the  current  in  each  to  its  proper  value.  The 
armature  of  this  relay  magnet,  when  released,  is  pulled  upward 
by  a  spring  and  closes  the  relay  contacts.  These  relay  contacts 
short-circuit  the  exciter  field  rheostat.  A  condenser  is  shunted 
across  these  contacts  to  minimize  arcing. 

The  field  of  the  exciter  is  first  adjusted  so  that  the  alternator 
voltage  is  about  65  per  cent,  below  normal.  This  weakens  both 
control  magnets  so  that  the  floating  main  contacts  are  closed. 
This  closes  the  circuit  of  the  second  winding  on  the  relay  magnet 
which  opposes  the  other  winding.  The  relay  armature  is  there- 
fore released  and  the  relay  contacts  closed.    These  contacts 
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short-circuit  the  exciter  field  rheostat  and  the  voltage  for  both  the 
exciter  and  the  alternator  rises.  When  the  voltage  has  reached 
the  value  for  which  the  regulator  has  been  adjusted,  the  control 
magnets  open  the  main  contacts,  the  relay  contacts  open  and  the 
voltage  of  the  exciter  and  the  alternator  both  drop.  The  cycle 
is  then  repeated.  When  in  operation,  the  main  contacts  and  the 
relay  contacts  vibrate  continuously  so  that  voltage  fluctuations 
are  scarcely  noticeable. 

A  compensating  winding,  supplied  by  the  secondary  of  a 
current  transformer  in  series  with  the  line,  compensates  for  line 
drop.  It  increases  the  pull  of  the  alternating-current  control 
magnet  so  that  the  main  contacts  are  drawn  closer  together  and 
the  duration  of  short-circuit  of  the  field  rheostat  is  increased. 

73.  Parallel  Operation  of  Alternators. — The  same  reasons 
which  make  it  necessary  to  operate  direct-current  generators  in 


Fig.  162. — Alternators  in  parallel  and  speed-load  characteristics. 

parallel  (see  Vol.  I,  page  372,  Par.  235)  apply  to  alternators. 
Alternators,  however,  are  made  in  units  of  very  much  greater 
capacity  than  it  is  possible  to  make  direct-current  machines, 
since  there  are  no  commutation  difficulties.  The  largest  single 
alternating-current  unit  at  the  present  time  is  of  50,000  kv-a. 
capacity. 

In  order  to  operate  satisfactorily  in  parallel,  direct-current 
generators  must  have  drooping  voltage  characteristics.  In 
order  that  alternators  may  operate  satisfactorily  in  parallel,  their 
yrime  movers  must  have  drooping  speed-load  characteristics. 
Otherwise  the  operation  wiU  be  unsatisfactory.  The  reason 
for  this  is  as  follows: 
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Two  alternators  1  and  2  are  operating  in  parallel  as  shown  in 
Fig.  162  (a).  If  they  are  operating  in  parallel  they  must  have 
the  same  frequency  and  the  same  terminal  voltage.  Figure  162 
(b)  shows  the  speed-load  curve  of  each  of  the  prime  movers 
driving  the  alternators.  (Instead  of  plotting  speed  in  r.p.m., 
the  frequency  or  electrical  speed  is  plotted.  For  example,  a 
six-pole  alternator  running  at  1,200  r.p.m.  would  have  the  same 
electrical  speed  as  an  eight-pole  alternator  running  at  900  r.p.m.) 
The  speed-load  curves  of  the  prime  movers  are  determined  by 
their  respective  governors,  if  they  are  steam-,  water-,  or  gas- 
driven  units.  If  motor-driven,  the  speed-load  characteristics 
depend  upon  the  motor  speed-load  characteristics. 

Let  oc.  Fig.  162  (6),  be  the  frequency  at  which  the  system  is 
operating.  By  projecting  horizontally  to  intersect  the  speed- 
load  curves,  the  load  taken  by  each  machine  at  this  frequency  is 
obtained,  oa  is  the  load  on  machine  1  and  ob  is  the  load  on 
machine  2,  as  both  machines  are  operating  at  system  frequency. 
Let  the  field  of  1  be  strengthened  by  means  of  its  field  rheostat. 
At  the  same  time  weaken  the  field  of  2  so  that  the  line  voltage 
does  not  change.  If  these  were  direct-current  generators,  ma- 
chine 1  would  immediately  take  more  load.  But  1  cannot  take 
more  load  because  its  prime  mover  can  deliver  only  the  load  oa 
at  this  frequency.  Machine  2  cannot  drop  any  load  because  its 
prime  mover  can  deliver  only  the  load  ob  at  this  frequency. 
Both  machines  must  always  operate  at  the  same  frequency 
which  is  not  true  of  direct-current  machines.  Therefore,  the 
kilowatt  load  delivered  by  alternators  in  parallel  cannot  be  shifted 
appreciably  by  means  of  the  generator  fields. 

To  change  the  kilowatt  load  of  either  machine,  the  speed-load 
characteristic  of  its  prime  mover  must  be  changed.  In  engine- 
driven  units  this  is  done  by  changing  the  tension  in  the  governor 
spring  or  altering  in  some  manner  the  governing  device.  Assume, 
in  Fig.  162  (6)  that  it  is  desired  to  make  generator  1  take  the  same 
load  as  2.  The  governor  spring  of  1  is  so  adjusted  that  the  charac- 
teristic of  1  is  raised,  as  shown  in  Fig.  163.  Both  machines  now 
deliver  the  same  load  oa'  at  a  frequency  oc\  Under  the  conditions 
shown.  Fig.  163,  the  frequency  oc'  is  higher  than  the  original 
frequency  oc.  Fig.  162.  If  the  original  frequency  is  to  be  main- 
tained, the  speed-load  characteristic  of  2  must  be  lowered  at  the 
same  time  that  the  characteristic  of  1  is  raised.     Therefore,  to 
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adjust  the  load  between  alternators  in  parallel^  the  speed-load 
characteristics  of  the  prime  movers  must  be  changed.  If  the 
alternators  are  driven  by  shunt  motors,  the  speed-load*  character- 
istics of  the  motors  may  be  changed  by  adjusting  the  motor 
field  rheostats.  It  will  be  noted,  in  Fig.  163,  that  the  loads  of 
the  two  machines  are  equal  at  one  frequency  only. 

If  the  prime  movers  had  flat 
speed-load  characteristics,  the 
operation  of  the  alternators  would 
be  unstable.  That  is,  very  small 
disturbances  or  changes  of  fre- 
quency would  cause  very  large 
fluctuations  in  the  kilowatt  load 
delivered  by  each  machine.  This 
condition  would  result  in  serious 
operating  diflSculties. 

It  has  been  shown  that  direct- 
ciurent  shunt  generators  operating 
in  parallel  are  m  stable  equilibrium  alternators  in  paraiiei-eflfect  of 

^^        ,^  ,     -  «.»«  ^««v      changing  governor  control. 

(See  Vol.  1,  page  373,  par.  235). 

That  is,  any  circumstance  which  tends  to  throw  machines 
out  of  parallel  is  coimteracted  by  reactions  opposing  this 
tendency.  In  the  same  way,  any  action  tending  to  throw 
alternators  out  of  parallel  is  opposed  by  reactions  which 
tend  to  prevent  the  alternators  pulling  out.  This  is  most 
clearly  illustrated  by  the  conditions  existing  when  neither 
alternator  is  supplying  external  load.  If  the  two  alternators  are 
considered  as  a  local  series  circuit,  their  voltages  are  in  opposition. 
These  voltages  are  represented  in  Fig.  164  by  Ei  and  E2  respec- 
tively.   El  and  E2  are  equal  and  opposite,  so  that  the  net 
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Fig.  163. — Speed-load  curves  of 
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Fig.  164. — Synchronizing  current  of  alternators  in  parallel. 


voltage  acting  in  the  local  circuit  of  the  two  alternators  is  zero. 
Therefore,  there  is  no  current  flowing  between  the  alternators, 
just  as  there  is  no  current  circulating  between  two  batteries 
having  equal  emfs.  and  connected  with  terminals  of  like  polarity 
together. 
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Assume  that  the  prime  mover  of  generator  1  speeds  up  tempora- 
rily. The  internal  induced  voltage  of  this  generator  will  advance 
an  angle  a  with  respect  to  E2.  That  is,  Ei  will  advance  to  posi- 
tion E\.  The  vector  sum  of  the  two  alternator  emfs.  Ei  and 
E2  will  no  longer  be  zero,  but  due  to  the  change  in  their  relative 
phase  positions,  the  vector  smn  of  E'l  and  Ei  will  be  Eq. 

,  „  , The  result  is  the  same  as  with  the  two 

'c=8v.       batteries  of  Fig.  165.    No.  1  has  an  emf. 
r=o.6Q    of  10  volts  and  2  has  an  electromotive 


•-iov£V 
r*0.6fr[l 


No.  1.  No.  2.       force  of  8  volts.     If  the  load  current  is 

FiQ.  165.— Batteries  in     zero,    the    current    circulating    between 

^^    ®  *  these  batteries  is  then  found  by  dividing 

the  sum  of  the  two  voltages,  giving  each  the  proper  sign,  by 

the  sum  of  the  resistances  of  the  two  batteries.     That  is, 

J        10 +  (-8)       ^  ^^^ 
^'  =    0.5  +  0.5    =  ^  ^°^P- 

In  the  same  way,  the  current  circulating  between  the  two 
alternators  is  the  resiMant  voltage  divided  by  the  sum  of  the 
impedances  of  the  two  machines. 

Where  Zi,  Z2,  J?i,  Rt,  and  Xi,  X2,  are  the  respective  impedances, 
resistances  and  reactances  of  the  two  machines.  As  the  resis- 
tance of  an  alternator  armature  is  very  small  compared  to  its 
reactance,  this  circulatory  current  will  lag  by  an  angle  j8,  nearly 
90®,  with  respect  to  the  voltage  Eq  producing  it,  as  shown  in  Fig. 
164. 

It  will  be  observed  that  7©  is  nearly  in  phase  with  the  voltage 
E\.  Therefore,  it  puts  a  power  load  on  generator  1,  and  this 
tends  to  slow  down  this  generator.  On  the  other  hand  7©  is 
nearly  180®  from  E2,  that  is,  it  is  acting  in  opposition  to  E2.  There- 
fore, 7o  develops  motor  action  in  generator  2,  as  the  induced 
electromotive  force  acts  in  opposition  to  the  current.  This  motor 
action  tends  to  speed  up  machine  2.  Therefore,  if  two  alternators 
in  parallel  attempt  to  pull  out  of  step,  a  current  is  developed  which 
circulates  between  the  two  machines.  This  current  tends  to  acceler- 
ate the  lagging  machine  and  to  retard  the  leading  machine^  and  so 
ads  to  prevent  the  aUemators  from  putting  out  of  synchronism. 
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K  the  machines  are  operating  under  load,  /o  merely  puts  more 
load  on  the  machine  which  tends  to  lead  and  takes  load  off  the 
machine  which  tends  to  lag.  This  last  machine  will  not  ordinarily 
operate  as  a  motor,  as  it  did  under  no-load  conditions,  but  as  its 
load  is  reduced  its  angular  position  will  be  advanced. 

Because  7©  tends  to  hold  the  two  machines  in  synchronism,  it 
is  called  the  synchronizing  current. 

It  has  already  been  stated  that  changing  the  field  current  does 
not  vary  the  distribution  of  load  between  two  alternators.  How- 
ever, it  does  affect  the  current  delivered  by  the  two  machines. 
Figure  166  (a)  shows  the  vector  diagram  for  two  similar  alter- 
nators having  a  common  terminal  voltage  V,  Both  machines  are 
dehvering  equal  currents  /i  and  It  respectively,  which  are  in 
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Fig.   166. — Vector  diagram  of  currents  and  voltages  when  altematcMrs  operate 

in  parallel. 

phase  with  the  terminal  voltage  V.  The  resultant  load  current 
is  their  sum  /',  which  is  in  phase  with  V.  As  both  machines 
have  equal  resistances  and  reactances,  their  respective  internal 
voltages  El  and  Ei  are  the  same.  (In  this  diagram  the  machines 
are  treated  with  reference  to  the  external  circuit  in  which  case 
the  voltages  and  currents  are  acting  in  conjjmction.) 

Let  the  field  of  generator  1  be  weakened  and  that  of  2  be 
strengthened.  It  has  already  been  shown  that  this  cannot  affect 
the  division  of  the  kilowatt  load  between  the  machines.  When 
the  field  of  generator  1  is  weakened,  its  internal  voltage  decreases 
and  when  the  field  of  2  is  strengthened,  its  internal  voltage 
increases.  Now  both  machines  must  continue  to  have  equal 
terminal  voltage.  It  has  already  been  shown  that  if  a  machine 
delivers  a  leading  current,  its  internal  voltage  is  less  than  when 
the  machine  delivers  a  lagging  current.  (See  par.  64,  page  137.) 
Moreover,  a  leading  current  in  an  alt^nator  tends  to  strengthen 
the  field  and  a  la^ng  current  tends  to  weaken  the  field,  throu^ 
armature  reaction. 
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For  generator  1  to  operate  with  a  reduced  internal  voltage  it 
must  deliver  a  leading  current,  making  E\j  shown  in  Fig.  166 
{b)j  less  than  its  previous  value  shown  in  Fig.  166  (a).  On  the 
other  hand  Et,  Fig.  166  (b),  is  greater  in  magnitude  than  in  Fig. 
166  (a)  because  generator  2  now  delivers  a  lagging  current. 
Also  the  leading  current  in  generator  1  tends  to  strengthen  its 
field  and  the  lagging  current  in  generator  2  tends  to  weaken  its 
field,  through  armature  reaction.  In  both  cases,  the  change  of 
flux  produced  by  change  in  field  current  is  apposed  by  armatiure 
reaction.  The  load  current  F  cannot  change  in  phase  or  in  mag- 
nitude, as  the  phase  and  magnitude  of  /'  is  determined  entirely 
by  the  character  of  the  load  which  is  connected  to  the  system. 
Therefore,  since  /i  and  It  are  equal,  they  must  make  equal  angles 
with  V  so  that  their  resultant  /'  will  still  lie  along  F. 

It  will  also  be  observed  that  each  machine  is  carrying  a  larger 
current  than  it  did  before  and  yet  the  kilowatt  output  of  each 
has  not  changed.  This  means  that  the  heating  (PR)  loss  in 
each  machine  has  been  increased  without  any  compensating  ad- 
vantages.    Therefore,  this  is  not  the  best  condition  of  operation. 

Figure  167  shows  the  diagram  of  Fig.  166  (b)  with  the  voltage 
drops  eliminated.  Eq  is  now  the  difference  of  Ei  and  E^,  and  /©, 
the  circulating  current,  lags  Eq  by  nearly  90°  as  in  Fig.  165.  It 
will  be  observed  that  /o  is  nearly  in  quadrature  with  the  terminal 
voltage  V  so  that  it  transfers  practically  no  power  from  one 

machine  to  the  other.  This 
substantiates  what  has  al- 
ready been  demonstrated, 
that  changing  the  field  cur- 
^v  rent  cannot  transfer  appre- 

Fio.    167. — Vector  diagram  showing   ciable  load  from  one  machine 

effect  of  excitation  upon  alternator  circu-    *q  fUg  other 
latory  current. 

74,  Synchronizing. — Before 
direct-ciurent  generators  can  be  safely  thrown  in  parallel,  two 
conditions  must  be  fulfilled.  The  two  terminal  voltages  must  be 
equal,  or  substantially  so,  and  the  proper  polarity  must  be  observed. 
These  same  two  conditions  must  be  fulfilled  when  alternators 
are  connected  in  parallel.  The  equality  of  voltages  can  be  readily 
determined  by  connecting  a  voltmeter  first  to  one  machine  and 
then  to  the  other.     The  voltmeter,  when  so  connected,  does  not 
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give  any  indication   as  to   polarity,  as  the  indications  of  an 
alternating-current  voltmeter  are  independent  of  ita  polarity. 

Lamps,  however,  can  be  used  to  determine  the  correct  polarity. 
Figure  168  showa  the  connections  for  phasing  a  three-phase  alter- 
nator  with  the  bua-bats.  A  lamp  is  connected  across  each  pole 
of  the  three-pole  switch  which  connects  the  machine  to  the  line. 
The  voltage  rating  of  the  lamps  should  be  15  per  cent,  greater 
than  that  of  the  machine  or  line.  For  example,  if  the  system  is 
220  volts,  two  115-voIt  lamps  in  series  may  be  used  across  each 
pole,  although  these  lamps  will  be  subjected  to  overvoltage  dur- 
ing a  part  of  the  synchronizing  period.     If  the  machines  are 


4to-— 


Fiu.   16li. — CoDoectioiu  fur  "3  dark"  meUuxl  of  synchruoiiiut!  with  liuupn. 

properly  connected,  the  three  lamps  should  all  become  bright  and 
dim  together.  If  they  brighten  and  grow  dim  in  sequence,  it 
means  that  the  phase  rotation  of  the  two  machines  is  opposite, 
so  that  one  phase  must  be  reversed. 

The  lamps  flicker  at  a  frequency  equal  to  the  difference  in  the 
frequencies  of  the  two  machines.  As  the  machines  approacli 
synchronism  the  flicker  becomes  slower  and  slower.  When  the 
lamps  are  all  dark  the  switch  may  be  closed.  The  fact  that  the 
lamps  are  aJI  dark  indicates  that  the  potential  difference  between 
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each  switch  blade  and  its  clip  is  nearly  zero  and  the  two  alterna- 
tors are  in  opposition  so  far  as  their  local  series  circuits  are  con- 
cerned. Two  points  across  which  the  potential  difference  is 
zero  may  be  connected  without  any  resulting  disturbance,  so 
that  the  switch  may  now  be  safely  closed  and  the  two  alternators 
are  in  parallel. 

The  disadvantage  of  this  method  is  that  lamps  are  dark  even 
although  a  very  considerable  voltage  may  exist  across  their 
terminals,  and  the  machines  may  be  connected  in  parallel  there- 
fore when  considerable  voltage  difference  exists  between  them. 
This  may  do  no  harm  with  slow-speed  or  small-capacity  units, 
but  with  high-speed  turbo-units,  which  have  little  armature 
reactance  and  are  quite  ''sensitive,"  there  may  be  considerable 
disturbance  if  there  exists  a  substantial  phase  difference  at  the 
time  of  connecting  in  parallel.  Another  objection  to  this 
"three  dark"  method  is  that  the  lamps  do  not  show  whether  the 
incoming  machine  is  fast  or  slow. 

The  foregoing  difficulties  may  be  in  part  eliminated  if  the  con- 
nections of  two  of  the  lamps,  as  1  and  2,  Fig.  169,  be  crossed. 


Fig.  169. — Connections  for  "2  bright  and  1  dark"  method  of  synchronising 

with  lamps. 

When  the  machines  are  in  synchronism,  1  and  2  are  bright  and  3 
is  dark.  As  one  of  the  bright  lamps  is  increasing  and  one  is 
decreasing  in  brilliancy  near  the  point  of  synchronism,  it  is  possi- 
ble to  determine  very  accurately  the  instant  at  which  the  switch 
should  be  closed.  This  is  called  the  Siemens-Halske  or  "two 
bright  and  one  dark"  method.  By  noting  the  sequence  of 
brightness  of  the  lamps,  it  can  be  determined  whether  the  incom- 
ing machine  is  fast  or  slow. 

The  best  method  is  the  use  of  the  synchronism  indicator  or 
synchroscope  described  in  Chap.  Ill,  page  71.    Such  an  instru- 
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ment  shows  very  accurately  the  position  of  synchronism.  The 
synchroscope  is  connected  across  but  one  phase.  It  is  possible 
that  one  phase  of  each  machine  may  be  in  synchronism,  but  the 
other  two  out  of  phase  due  to  wrong  phase  rotation.  The  cor- 
rect phase  rotation  must  be  determined  by  lamps  or  by  other 
means  before  depending  entirely  upon  the  synchroscope.  Syn- 
chronizing lamps  are  often  used  in  conjunction  with  a  synchro- 
scope so  that  the  operator  has  a  check  on  the  instrument. 

76.  Himting  of  Alternators. — The  driving  torque  of  a  recipro- 
cating engine,  or  of  a  gas  engine,  is  not  uniform  during  a  revolution 
of  the  fly-wheel,  but  varies  from  zero  at  the  dead  centers  to  a 
maximum  at  some  intermediate  position.  Even  with  a  heavy 
fly-wheel,  this  variation  of  torque  may  impart  impulses  to  the 
induced  emf.,  causing  it  to  be  ahead  of  its  proper  position  at  some 
instants  and  behind  it  at  other  instants.  This  causes  heavy  syn- 
chronizing currents  to  flow  between  machines  in  parallel  and 
often  causes  their  rotating  members  to  "oscillate"  as  they  are 
rotating.  The  angular  effect  of  the  crank  position  can  be  appre- 
ciated when  it  is  realized  that  in  a  60-pole  alternator  a  dis- 
placement of  one  mechanical  or  space-degree  in  the  rotating 
member  makes  a  diffference  of  30  electrical  degrees  in  the  phase 
angle  of  the  electromotive  force.  The  above  impulses  are  often 
communicated  to  the  system,  causing  synchronous  motors  and 
converters  to  oscillate.  These  oscillations  are  called  "hunting." 
Hunting  may  become  serious  if  the  engine  governors  have  a 
natural  frequency  of  oscillation  nearly  the  same  as  that  of  the 
machine  rotors.  The  oscillations  may  then  become  cumulative 
and  may  even  cause  the  machines  to  go  out  of  synchronism. 

Remedies  for  hunting  are  to  use  heavy  fly-wheels,  to  put  dash- 
pots  on  the  engine  governors,  and  to  use  amortisseur  or  squirrel- 
cage  windings  around  the  field,  such  as  is  shown  in  Fig.  295, 
page  319.  Where  several  engine-driven  units  are  used,  they  are 
often  paralleled  when  their  cranks  occupy  different  angular 
positions.  This  minimizes  the  effect  of  the  engine  impulses  on 
the  system,  although  their  effect  is  increased  in  the  local  inter- 
change currents  between  generators. 


CHAPTER  VII 
THE  TRANSFORMER 

The  static  transformer  is  a  device  for  transferring  electrical 
energy  from  one  alternating-current  circuit  to  another  without  a 
change  in  frequency.  This  transference  is  usually,  but  not 
always,  accompanied  by  a  change  of  voltage.  A  transformer 
may  receive  energy  at  one  voltage  and  deliver  it  at  a  higher 
voltage,  in  which  case  it  is  called  a  step-up  transformer.  A  trans- 
former may  receive  energy  at  one  voltage  and  deliver  it  at  a 
lower  voltage,  in  which  case  it  is  called  a  step-down  transformer. 
A  transformer  may  receive  energy  at  one  voltage  and  deliver  it 
at  the  same  voltage,  in  which  case  it  is  called  a  one-to-one 
transformer. 

A  static  transformer  has  no  rotating  parts,  and  therefore  it 
requires  little  attention  and  its  maintenance  is  low.  The  cost 
per  kilowatt  of  transformers  is  low  as  compared  with  other 
apparatus  and  the  efficiency  is  much  higher.  As  there  are  no 
teeth,  slots,  or  rotating  parts,  and  the  windings  can  be  immersed 
in  oil,  it  is  not  difficult  to  insulate  transformers  for  very  high 
voltages. 

Because  of  these  many  desirable  characteristics,  the  trans- 
former is  a  very  useful  piece  of  apparatus,  and  as  it  can  transform 
from  low  to  high  voltage,  and  from  high  to  low  voltage,  econom- 
ically, it  is  largely  responsible  for  the  extensive  use  of  alternating 
current. 

76,  The  Transformer  Principle. — The  transformer  is  based 
on  the  principle  that  energy  may  be  efficiently  transferred  by 
induction  from  one  set  of  coils  to  another  set  by  means  of 
a  varying  magnetic  flux,  provided  both  sets  of  coils  are  on  a 
common  magnetic  circuit. 

Electromotive  forces  are  induced  by  a  change  in  flux  linkages. 
In  the  generator,  the  flux  is  substantially  constant  in  magnitude. 
The  amount  of  flux  linking  the  armature  coils  is  changed  by  the 
relative  mechanical  motion  of  flux  and  coils.     In  the  transformer, 
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the  coils  and  magnetic  circuit  are  all  stationary  with  respect  to 
one  another.  The  electromotive  forces  are  induced  by  the 
change  in  the  magnitude  of  the  flux  with  time.  This  is  illustrated 
in  Fig.  170. 

A  core  is  made  up  of  rectangular  stampings  of  sheet  steel, 
clamped  or  bolted  together. 

A  continuous  winding  P  is  placed  on  one  side  or  leg  of  the 
iron  core.  Another  continuous  winding  S,  which  may  or  may 
not  have  the  same  number  of  tiu-ns  as  P,  is  placed  on  the  opposite 
side  or  leg.  An  alternator  A  supplies  current  to  the  primary 
winding  P.  As  this  winding  is  linked  with  an  iron  core,  its 
magnetomotive  force  produces  an  alternating  flux  in  the  core. 


Fio.  170. — Simple  tranafonner,  aecondary  open-circuited. 


Tliis  alternating  flux  links  the  turns  of  the  winding  S.  As  this 
flux  is  alternating,  it  induces  in  the  winding  S  an  emf.  of  the  same 
frequency  as  its  own.  Because  of  this  induced  emf.,  the  second- 
ary winding  iS  is  capable  of  delivering  current  and  energy.  There- 
fore, the  energy  is  transferred  from  F,  the  primary,  to  S,  the 
secondary,  by  means  of  the  magnetic  flux. 

The  winding  P  which  receives  the  enen^y  is  called  the  -primary. 
The  winding  S  which  delivers  the  energy  is  called  the  secondary. 
In  a  transformer,  either  winding  may  be  the  primary,  the  other 
being  the  secondary,  depending  upon  which  winding  receives 
and  which  delivers  energy. 

77.  Induced  KectromotiTe  Force. — The  flux  ^,  called  the 
mutual  flux,  in  passing  through  the  magnetic  circuit  formed  by 
the  iron  core,  links  not  only  the  turns  of  the  secondary  winding 
S,  but  also  the  turns  of  the  primary  winding  P.  Therefore,  an 
emf.  must  be  induced  In  both  the  windings  S  and  P.  As  this 
flux  ^  is  the  same  for  each  of  the  two  windings  it  must  induce  the 
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same  emf.  per  turn  in  each  winding.  The  total  indticed  emf.  in 
each  winding  must  then  be  proportional  to  the  number  of  turns 
in  that  winding.     That  is, 

k-k 

where  Ei  and  E2  are  the  primary  and  secondary  induced  emfs. 
and  Ni  and  N2  are  the  number  of  turns  in  primary  and  secondary 
respectively.  In  the  ordinary  transformer,  the  terminal  voltage 
differs  from  the  induced  emf.  only  by  a  very  small  percentage,  so 
that  for  most  practical  purposes  it  may  be  said  that  the  primary 
and  secondary  terminal  voltages  are  proportional  to  the  respec- 
tive number  of  turns. 

The  induced  electromotive  force  in  a  transformer  is  propor- 
tional to  three  factors;  the  flux,  the  frequency,  and  the  nimiber 
of  turns.  The  complete  equation  for  the  induced  electromotive 
force,  assuming  a  sine  wave,  is  as  follows: 

E  =  4.UfN<l>max  10-8  yolts  (46) 


Fig.   171.— Sinusoidal  variation  of  flux  with  time. 

where  /  is  the  frequency  in  cycles  per  second,  N  is  the  number  of 
turns,  and  <l>max  is  the  maximum  value  of  the  flux  in  the  core. 
The  factor  4.44  is  4  times  the  form  factor,  which  is  1.11  for  a  sine 
wave.     (See  Chap.  1,  Par.  5,  page  10.) 

This  equation  is  derived  as  follows: 

Figure  171  shows  the  mutual  flux  <t>  varying  sinusoidally  with 
the  time.  Between  points  a  and  b  the  total  change  of  flux  is 
2  <l>max  lines  or  maxwells.     This  change  of  flux  occurs  in  half  a 
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cyde  or  in  a  time  T/2  sec  where  T  is  the  period  or  the  time  re- 
quired for  the  wave  to  complete  one  cyde.  The  time  T  2  is 
obvioudy  equal  to  1  '(2f)  sec.  From  equation  (74),  Vol.  I,  page 
185,  the  (werage  induced  emf.  becomes 

=  -4/.V<^ex    10-«  volts 
Since  with  a  sine  wave  the  ratio  of  effective  to  average  volts 
is    1.11    (see   j>age    10,   Par.   5),    the   effective  induced  emf,  k 

E  =  4.44/.V<>«ax  10-*  volts 
If  the  flux  varies  other  than  sinusoidally   with  the  time,  a 
factor  ty  called  the  farm  factor  must  be  substituted  for  1.11  in 
the  above  equation. 

The  maximum  flux  ^mox  =  ^«c*  A,  where  B^oj:  is  the  maximum 
flux  density  and  A  is  the  core  cross-section  Equation  (46)  may 
then  be  written: 

E  =  ^.UfXB^ax  AlO-^  volts  (47) 

Tliis  equation  is  the  more  convenient  to  use,  as  will  be  shown 
later. 

Example. — The  core  of  a  60-cycle  transformer  has  a  cross-section  of  20 
sq.  in.  and  the  maximum  flux  density  in  the  core  is  60,000  lines  per  square  inch. 
There  are  700  turns  in  the  primary  and  70  turns  in  the  secondary.  What  is 
the  rated  voltage  of  the  primary  and  (A  the  secondary? 

El  =   4-44X  60  X  700  X  60,000  X  20  X  10-»  =  ^230  volts.     Ans. 

Et^   4.44X  60  X   70   X  60.000  X  20  X  10-«  =  22^  volts.     An*. 

Also 

Et  =  Z230  10  =  223  volt«.     An*. 

78.  Ampere-turns. — Figure  172  shows  a  transformer  having  a 
primary  and  a  secondary  winding.  The  directions  of  the  flux, 
of  the  voltages  and  of  the  currents,  as  indicated  on  the  figure, 
are  those  existing  at  the  instant  when  the  upper  primary'  line  is 
positive.  Assmne  first  that  there  is  no  load  on  the  secondary. 
Under  these  conditions  a  very  small  current  flows  in  the  primary, 
usually  from  3  to  8  per  cent,  of  the  rated  current.  This  no4oad 
current  can  be  resolved  into  two  components,  one  supplying  the 
no-load  losses,  and  the  other  in  quadrature  with  the  first  and 
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producing  the  flux  ^.  (See  Par.  80.)  This  quadrature  current  is 
called  the  exciHng  or  magneti^ng  current  of  the  transforms.  As 
the  energy  current  which  is  in  phase  with  the  back  emf ,  is  small,  the 
quadrature  current  is  very  nearly  equal,  numerically,  to  the  total 
no-load  current.  Therefore,  the  no-load  current  ia  often  called 
the  exciting  current  of  the  transformer.  The  back  emf.  is  nearly 
constant  for  all  loade,  as  it  differs  from  the  terminal  voltage  only 
by  the  primary  impedance  drop,  which  is  small.  Therefore  the 
flux  and  hence  the  exciting  current  are  practically  independent 
of  the  load. 

This  exciting  current  produces  a  flux  <t>  in  the  core,  the  direction 
of  the  flux  being  as  shown  (corkscrew  rule).  The  value  of  this 
flux  must  be  such  as  to  make  the  induced  primary  emf.  practically 


Fio.   172. — Simple  transfonner,  load  applied  to  secondary. 


equal  to  the  primary  line  voltage.  This  primary  induced  emf. 
is  a  bach  emf.  and  is  therefore  in  opposition  to  the  primary  im- 
pressed voltage. 

Now  apply  a  load  to  the  secondary.  As  a  result  a  current  /j 
flows  in  the  secondary.  The  direction  of  this  current  m^ist  be 
such  as  to  oppose  the  flux  ip.  This  is  in  accordance  with  Lenz's 
Law  that  an  induced  current  always  has  such  a  direction  as  to 
oppose  the  cause  which  produces  it.  If  the  secondary  current  It 
were  producing  the  flux  0,  then  by  the  corkscrew  rule  the  current 
would  flow  in  at  the  upper  terminal.  Fig.  172.  Since  7s  opposes 
the  flux  *,  it  must  actually  flow  out  at  the  upper  terminal.  The 
secondary  current  h  then  tends  to  reduce  the  value  of  the  flux 
in  the  transformer  core.  If  the  flux  is  reduced,  the  back  electro- 
motive force  of  the  primary  is  also  reduced,  and  hence  more 
current  will  flow  in  the  primary  to  supply  the  increase  in  power 
due  to  the  load  on  the  secondary.    This  is  the  sequence  of  reac- 


THE  TRANSFORMER  111 

tions  which  follow  the  application  of  load  to  the  secondary, 
enabling  the  primary  to  take  from  the  line  the  increased  power 
demanded  by  the  secondary. 

The  change  in  the  back  electromotive  force  in  the  primary  from 
no  load  to  full  load  is  ordinarily  about  1  or  2  per  cent.  As  the 
back  emf.  is  proportional  to  the  mutual  flux  <^,  the  value  of  0 
therefore  does  not  change  appreciably  over  the  working  range  of 
the  transformer.  If  this  flux  does  not  change  appreciably,  the 
n£t  ampere-turns  acting  on  the  core  cannot  change  appreciably. 
Therefore,  the  increased  ampere-turns  due  the  secondary  load 
must  be  just  balanced  by  the  additional  ampere-turns  due  to  the 
increased  primary  current.  Since  the  flux  remains  practically 
constant  it  follows  that  the  exciting  current  must  remain 
substantially  constant. 

The  eflFect  of  any  increase  of  primary  ampere-turns,  when  not 
opposed  by  equal  secondary  ampere-turns,  would  be  to  increase 
the  mutual  flux.  This  would  increase  the  back  emf.,  and  might 
cause  the  primary  to  deliver  power  back  into  the  power  source, 
which  is  in  violation  of  the  law  of  the  conservation  of  energy. 
Therefore,  any  primary  ampere-turns  in  excess  of  the  exciting 
ampere-turns  must  be  balanced  by  equal  and  opposing  secondary 
ampere-turns. 

The  exciting  current  is  of  small  magnitude  and  differs  con- 
siderably in  phase  from  the  total  primary  current,  as  shown  by 
/o  in  Fig.  174,  page  180.  Therefore,  it  is  usually  neglected  in 
comparison  with  the  total  primary  current.  If  it  be  neglected, 
the  primary  and  secondary  ampere-turns  are  equaly  and 

Therefore, 

J.  Af^ 

(48) 

That  is,  the  primary  and  secondary  currents  are  inversely  as  the 
respective  turns. 

The  above  relation  also  follows  from  the  law  of  the  conservation 
of  energy.  If  the  transformer  losses  be  neglected  and  unity 
power-factor  be  assumed, 

h    ^V2    ^N2 

It       Vi      Nt 


iVi/i 

=  NJ, 

/, 

N, 

li 

N, 
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79.  Leakage  Reactance. — In  the  preceding  diBcusHioii  it  has 
been  assumed  that  aU  the  flux  which  links  the  primary  also  Usks 
the  secondary.  In  practice  it  is  impossible  to  reaUze  this  condi- 
tion. All  the  flux  produced  by  the  primary  does  not  link  the 
secondary,  but  a  part  completes  its  mapietic  circuit  by  pasEong 
through  the  air  rather  than  around  through  the  core,  as  shown 
by  4>i,  Fig.  173.  That  is,  between  planes  a  and  b,  Fig.  173,  there 
is  a  mmf.  due  to  the  primary  ampere-tume,  plane  a  being  at  a 
higher  mE^netic  potential  than  plane  b  at  the  instant  shown. 
This  mmf.  is  proportional  to  the  primary  current  and  tends  to 
send  flux  from  o  to  6  both  through  the  air  and  around  through  the 
core.  That  part  of  the  flux  which  passes  from  a  to  b  through  the 
air  follows  a  magnetic  circuit  which  is  acted  upon  by  the  primtaiy 
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ampere-turns  only.  This  flux  ^i  is  called  the  ■primary  leakage 
flux.  It  is  proportional  to  the  total  ampere-turns  of  the  primary 
alone  as  the  secondary  turns  do  not  link  the  magnetic  circuit  of 
01.  Therefore  ^i  induces  an  emf.  in  the  primary  but  not  in  the 
secondary.  The  flux  ^i  is  in  time-phase  with  the  total  primary 
current  /i.  The  emf.  induced  by  <;ii  must  lag  ^i  and  h  by  90°. 
(See  page  27,  Par.  14.)  The  emf.  necessary  to  balance  this 
counter  emf.  is  opposite  and  equal  to  it,  and  therefore  leads  the 
current  /i  by  90°.  As  this  counter  emf.  is  proportional  to  the  cur- 
rent and  lags  it  by  90°,  it  is  nothing  more  than  a  reactance  volt^ 
age,  and  is  denoted  by  —IiXi.  The  component  of  line  voltage 
which  balances  this  emf.  is  -\-IiXi.  Therefore,  a  reactance 
drop  exists  in  a  transformer  primary  in  precisely  the  same  manner 
that  a  reactance  drop  exists  in  an  alternator  armature.     The 
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effect  of  the  primary  leakage  flux,  therefore,  is  to  oppose  the  flow 
of  current  ivio  the  transformer. 

The  mmf.  of  the  secondary  coil,  acting  alone,  is  such  that  the 
top  of  the  coil  is  at  a  higher  magnetic  potential  than  the  bottom 
of  the  coil.  That  is,  plane  c  is  at  a  higher  magnetic  potential  than 
plane  d,  and  therefore  a  flux  4>2  tends  to  pass  from  c  to  d  through 
the  air,  as  shown.  Flux  <^2  is  called  the  secondary  leakage  flux. 
As  its  path  is  not  linked  by  the  primary,  the  secondary  leakage 
flux  is  proportional  to  the  secondary  ampere-turns  only.  <^2 
induces  an  emf .  in  the  secondary,  lagging  the  secondary  current 
/j  by  90°.  This  is  also  a  reactance  voltage,  and  the  component 
which  balances  it  leads  the  secondary  current  by  90°.  This  last 
voltage  is  denoted  by  Is  X  j.  The  secondary  reactance  opposes 
the  current  flowing  ovi  of  the  secondary  just  as  the  armature 
reactance  of  an  alternator  opposes  the  current  flowing  out  of  the 
armature.  Both  the  primary  and  secondary  reactances  of  the 
transformer  have  the  same  effect  on  the  regulation  of  the  trans- 
former as  the  armature  reactance  of  the  alternator  has  on  the 
regulation  of  the  alternator. 

In  that  part  of  the  core  which  is  surrounded  by  the  secondary 
winding  the  mutual  flux  <^  and  the  secondary  leakage  flux  <^2  are 
shown  in  opposition.  As  <^  is  produced  by  the  joint  ampere- 
tiuTis  of  primary  and  secondary,  and  <^2  by  the  ampere-turns  of 
the  secondary  alone,  4>  and  <^2  are  almost  never  in  phase  with 
each  other,  but  are  usually  out  of  phase  by  an  angle  greater  than 
90°,  as  shown  in  Fig.  174  (a).  Two  separate  fluxes  in  the  core 
do  not  actually  exist  at  the  same  instant,  but  merely  the  resultant 
flux,  found  by  combining  <t>  and  4>2,  The  primary  leakage  flux 
<t>\  and  the  secondary  leakage  flux  4>^  have  the  same  general 
direction  in  the  space  between  the  primary  and  secondary  coils. 

In  the  actual  transformer,  the  leakage  flux  paths  are  not 
so  simple  as  those  indicated  in  Fig.  173.  That  is,  part  of  <^2 
links  some  of  the  secondary  turns,  but  not  all,  etc.  However,  the 
equivalent  effect  of  <^i  and  <^2  is  readily  determined  in  the  ordinary 
transformer  by   simple   measurements,   as   is   described  later. 

In  practice,  the  primary  and  secondary  windings  are  not 
placed  on  separate  legs,  as  shown  in  Figs.  170,  172  and  173,  for 
being  widely  separated,  large  primary  and  secondary  leakage 
fluxes  would  result. 
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rheae  iarg^  leakage  dujc&»  wouki  i^skoss:  zmtr  vtrngtsbaamer  regnlm^ 
.ion  :o  be  too  poor  for  commercial  uise.  To  i^Ddiiiw  the  lemki^^ 
'lit'  primary  and  secondary  should  be  im^csSeftTnL  UKrofore, 
■aeh  La  u;^ua.Ily  split  into  a  number  oi  eQcii&.  juskd  sihjenuL.tie  psimmiy 
ind  secondary  coils  are  placed  togecheir.  ^bs^  isbovxi  in  FlgE.  1S3  mud 
1S4,  pages  196  and  197. 

80.  Transformer  Vector  Diagiram. — Ftfiga^  174  (a)  efaov?  the 
:"elation?  i-xi-sting  among  the  currtnta'  And  Toltages  in  a  timns- 
I'ormer.  when  the  secondare-  is  deliverinc  *  -wirrent  /s,  at  tiermiiial 
voltage  1*2  and  power-factor  cos  ds»  A  OttP-<u>-one  ratio  «f  tranfi^ 
rormation  is  assumed,  in  order  that  tJM*  lengtliE  of  all  theTiertors 


Flo.  174  (6>. 
Vui.   174  KQK     CompluU'  vector  diaitrani  lor  a  transformer. 
Fi(i.   174  (6).  -Euerg>'    and    magnetising  components  of  no-load  or  exciting 

.  urront. 

ill  the  diagram  shall  be  of  the  same  order  of  magnitude.  This 
siinie  diagram  may  be  made  applicable  to  any  ratio  of  trans- 
formation, merely  by  multiplying  the  proper  vectors  by  the  ratio 
of  transformation. 

I'hc  secondary  current  h  is  laid  off  at  phase  angle  Ot  from  the 
secondary  terminal  voltage  V  2.  The  secondary  leakage  flux  ^ 
is  in  time-phase  wth  h  and  induces  the  emf.  which  is  balanced 
by  /2A'2,  leading  1-2  by  90"*.  The  induced  voltage  Ei  of  the  sec- 
oiitlary  is  determined  by  adding  vectorially  to  V2  the  secondary 
resistance  drop  hRi,  ^^  phase  with  /j,  and  the  secondary  react- 
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incM  ^TutuBes^  -ml  v^  -noiL  Ji  :iiiHniimuf  jou  mril  i^  n 

-virir  --ita    ntsr^     Z!hKST^an,   5^—5--     >    late-  iaMho;- 
temnsfEizF^  'tner  ml  -mm  zmnaiKc  jv  :*  iux  -^ckt^tw  sonn^n^ 
lit^  -wrai  Txat  -t  Jt  mw  -was^  jobl  ,sa^  "ije  inx  ^^   l))^^  -iT.  3V. 

imracsft  -ems.  tt  JH*"  je  SHnici. 

irTTifo-r    Tumrgg  ^vntaflEL    jdu   jl   lumstTtim    "u%«t?«u,    >»*^i>«^ 

THiraiE?   — -?.   iuummfci  ani  ^juaL  *xr  J    :nu£r  irsc  >^  iu)||nl^^Jr 

aecciiiiar7      T?ngp   immry    imr^g*-cara^  ioii  *2J%r  !^^vvmitii> 

y-li  imp«T»-*Ti!!»  in.  lae  ««inirac7'.  :dtep?  sm^  >^  .lax  v^^unt^  :iiim-^ 

primitrr  iaip«?*-~ar3»  Xx'i.  ?%,  174  x  .  i;?e  15^  i^rvm  ^^s 
Iz  iff  !1ct:  ^msGomstrf  -h  mmw  "lie  iaioer^-cinis^  v«t  ::ai>  itosicr^jtttt^ 
how»^T^^.  son  'inLTr  tit  -^UTJfMiiA.  a&  in  Fi|p  ir-4.  TW  cwtt^^w^ 
immff  niarx  lasL  be  accimed  bv  suifiufyinic  eij^ra  ,ntr>m:ft  ^x  *^ 
proper  nnzncfsr  (sc  isscm^ 

themiztn]ayi±ix.<p,  sodi^siipgfrti^  T^v*tiitrt^iit:^ 

woold  be  m.  phd^e^  wick  ^&e*  tfirc  <i  npn^  h  zmiiKj  &>r  n  W  vvt^y^  W^Ji^t^ik 
Thest  In&ass  r^/qprn  jAmK  In  hikw^  an  eosKgy  ^^.KKJLpcifeietit  ^^^tj^  t^> 
L  in  FijE.  174  ■  i  ,  Tbaoi  k.  Ji  k  reeoIxv%i  £niiii>  ^wv>  vvw^vct^^^ 
a  maicDedimii^  cfxnpnsmt  /»  in  p&kse  vinh  ^  ^ju^i  :j^  ^f'^M'tr^ 
coakpoaESMt  L  m  pbais^  wrrfi  the  primaunr  «ttf .  —  ft"^  imkI  W<jkK¥^ 

The  total  prinmj  cnrrRLt  k  It,  the  Teetor  ^um  v>f  i^  ;jaivt  T^ 
The  prinarj  Ifflikagp  ftox  ^  is  in  phase  with  It.  and  icnhKi^  tW 
emf.  wfairfa  m  hahmrfd  hy  /iXi. 
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The  primary  terminal  voltage  Fj  may  now  be  found  by  adding 
IiRi  and  I\X\  vectorially  to  —  j&i. 

The  transformer  regulation  is  defined  as  the  rise  m  secondary 

voltage  divided  by  the  rated-load  voltage,  when  rated-load  is 

removed  from  the  transformer.     The  primary  voltage  is  assumed 

to  be  constant. 
The  regulation  for  a  one-to-one  transformer  is  given  by 

81.  Simplified  Diagram. — The  diagram  of  Fig.  174  may  be 
materially  simplified  if  the  magnetizing  current  /o  be  neglected. 
As  Jo  is  usually  from  3  to  8  per  cent,  of  7i  and  the  two  are  con- 


Fio.  175. — Transformer  diagram  with  primary  voltages  rotated  to  secondary 

side  of  diagram. 

siderably  out  of  phase,  /o  may  ordinarily  be  neglected  without 
serious  error.  Figure  176  shows  the  diagram  of  Fig.  174  with  Jo 
omitted.  Note  that  -jE?i  is  180°  from  E2;  h  is  180°  from  1 2; 
IiRi  is  180°  from  J2J22;  and  hXi  is  180°  from  J2X2.  Therefore, 
if  the  entire  left-hand  side  of  the  diagram  be  rotated  through 
180°  with  the  origin  as  a  center,  as  shown  in  Fig.  175,  Ei 
and  E2  coincide,  IiRi  and  IiXi  become  parallel  to  J2J22  and  I2X2 
respectively. 

As  Ji  equals  J2,  the  two  IR  drops  may  be  combined  into  a 
single  drop  equal  to  J2  (Ri  +  R2)  and  the  two  IX  drops  may  be 
combined  into  a  single  drop  equal  to  J2  (Xi  +  X2),  as  shown  in 
Fig.  176  (a).    Let  Ri  +  R2  ^  Ro  and  Xi  -f  X2  =  Xq.    It  is  to 
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bo  noted  that  the  vector  diagram  of  Fig.  176  (a)  is  similar  to  that 
of  the  alternator.    The  voltage  Vi  is  given  by 

Fi  =  V(F2  cos  e  +  I^R^Y  +  (72  sin  6  +  hX^Y    (49) 

Rq  is  the  equivalent  resistance  of  the  transformer  and  Xo  is  the 
equivalent  reactance.  Obviously  /i  could  be  substituted  for  I^ 
in  the  foregoing  equation. 

Example, — A  40-kv-a.,  220-volt,  one-to-one  transformer  has  a  primary 
resistance  and  a  secondary  resistance  each  equal  to  0.009  ohm.  The  leakage 
reactance  of  the  primary  is  0.037  ohm  and  that  of  the  secondary  is  0.043 


^A:^,(^) 


_^f\' 


<^  01 1    Traniformer 


1.  T 


Fi|.17C(ft)  Belatlon  of  Impedance 
Oropi  wb«D  ibe  Batio  of  Tranitorinatlon 

Load  '*  Oiber  than  Uuity 


/s(i2x+«f) 


ri(.li6(o)  EqulTalent  Circait 
of  tb«  Iraiiifoimer 


FU.176 (a) Simplified  Vector 
OUgrana  of  Truiiforiner 


FiQ.   176. 


ohm.     Determine  the  regulation  of  the  transformer  at  full  load,  0.8  power- 
factor,  lagging  current. 

J    __  J    _  40,000  _  .op^^^ 
220                       ^* 
i2o  =  0.009  4-  0.009  =  0.018  ohm 
Xo  =  0.037  4-  0.043  =  0.080  ohm 

Vi  =  V(220  X  0.80  4-  182  X  0.018)«  +  (220  X  0.60  +  182  X  0.080)« 

=  232  volts. 
^       ,  ..           232  -  220       _  ,^  ^       . 

Regulation  =  — ^on "^  ^'^^  P®^  ^®^*'     ^''^' 

This  regulation  is  not  strictly  true  because  V2  is  assumed  to 
be  fixed  and  Vi  to  vary  as  the  load  changes.  In  a  transformer, 
the  primary  voltage  is  ordinarily  fixed  and  the  secondary  voltage 
drops  as  load  is  applied.    As  the  regulation  is  small,  little  or  no 


184  ALTERNATING  CURRENTS 

error  is  introduced  by  using  the  secondary  voltage  as  a  basis  for 
calculating  the  primary  voltage. 

82.  Equivalent  Resistance  and  Reactance. — ^The  preceding 
discussion  refers  specifically  to  transformers  having  one-to-one 
ratios.  There  is  little  difference,  however,  when  other  than 
one-to-one  transformers  are  considered.  For  example,  in  Fig. 
174,  El  and  E2  are  considered  as  being  equal.  If  there  were 
Ni  primary  turns  and  N2  secondary  turns,  the  true  primary 
voltage  would  be 

Likewise  the  primary  current  would  be 

In  testing  transformers  and  in  computing  their  performance, 
it  is  more  convenient  to  work  with  one  side  of  the  transformer 
only.    The  method  of  treating  such  a  problem  is  as  follows: 

First,  consider  the  resistance  of  the  primary  and  of  the  second- 
ary.    The  total  copper  loss  in  the  transformer 

Pc  =  Ii'Ri  +  WR^  (I) 

where  I\  and  Ri  are  the  primary  current  and  resistance  respec- 
tively and  I2  and  R2  are  the  secondary  current  and  resistance 
respectively. 

If  the  exciting  current  is  neglected, 


Substituting  in  (I) 


h      Ni     J        J   Ni 


Pc  =  Ii'Ri  +  Ii'(^)  R2 

This  means  that  the  total  copper  loss  can  be  found  by  multi- 
plying the  primary  current  squared  into  the  expression 

^'  +  fe)  ^^ 

This  expression  is  equal  to  the  primary  resistance  added  to  the 
secondary  resistance  when  multiplied  by  the  ratio  of  primary  to 
secondary  turns  squared.    This  quantity  is  called  the  equivalent 
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resistance  of  the  transformer  referred  to  the  primary  and  is  denoted 
by  fioi. 

Roi  =Ri  +  (^)  *R2  (50) 

The  total  copper  loss  may  then  be  found  by  using  the  primary 
current  alone.     That  is 

Pe   —   Il^Roi 

The  equivalent  resistance  of  the  transformer  referred  to  the 
secondary  may  be  found  in  a  similar  manner  and  is  equal  to: 

Ro2  =  R2+  (^YRi  (51) 

The  total  copper  loss  may  be  found  by  using  the  secondary 
current  alone.     That  is 

Pe    —   l2^Ro2 

These  values  of  equivalent  resistance  may  also  be  used  in 
determining  the  regulation  of  the  transformer,  as  will  be  shown 
later. 

In  well-designed  apparatus  and  for  the  most  economical  use 
of  the  materials,  the  various  parts  should  all  come  to  their 
limiting  temperatures  at  the  same  time.  As  primary  and  second- 
ary windings  ordinarily  occupy  approximately  the  same  volume, 
their  losses  should  be  the  same  for  equal  temperature  rise.  That 
is, 

Since 

Ri      W'      Ni^ 


R2         II^         N2^ 

That  is,  under  these  assumptions  the  ratio  of  primary  and 
secondary  resistance  is  equal  to  the  square  of  the  ratio  of  the 
primary  and  secondary  turns. 

The  primary  leakage  reactance  drop  is  IiXi  and  the  second- 
ary leakage  reactance  drop  is  /2X2.  IiXi  is  a  voltage  and  must 
be  to  the  same  scale  as  the  primary  induced  emf.  Ei.  I2X2  is 
likewise  a  voltage  and  is  to  the  same  scale  as  the  secondary 
induced  emf.  E2.  It  is  convenient  to  use  the  same  length  of 
vector  to  represent  Ei  and  E2  and  later  correct  these  values 
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by  multiplying  by  the  ratio  of  transformation.  (See  Fig.  174.) 
Assume  that  E2  is  ten  times  Ei  and  that  everything  is  to  be  drawn 
on  the  basis  of  E2  being  equal  in  length  to  Ei.  In  order  that 
E2  may  be  represented  by  the  same  length  of  vector  SiS  Eu  E2 

must  be  multiplied  by  yTr-  or  by  tt:* 

IiXi  is  to  the  scale  of  Ei. 
As  I2X2  is  to  the  same  scale  as  E2,  it  likewise  must  be  multi- 
plied by  ^.     That  is, 

I2X2  ( Tr^j   gives  the  secondary  reactance  drop  one-tenth  its 

actual  value  as  it  is  reduced  to  the  same  basis  as  the  primary 
reactance  drop  and  the  emfs.  J5i,  E2f  etc. 

fN-C 

2> 

That  is,  the  secondary  reactance  drop  may  be  referred  to  the 
primary  side  by  multiplying  the  primary  current  into  the  sec- 
ondary reactance  X2,  when  multiplied  by  the  ratio  of  primary  to 
secondary  turns  squared. 

The  total  reactance  drop  in  the  transformer,  to  primary  scale, 
becomes. 


Substituting  iov  I2,  I\(Try  the  above  expression  becomes 


UX,  +  U{^^  X2 


where  Xoi  =  Xi  +  {^) '  X2  (52) 


=  1 1X01 

2> 

Xoi  is  called  the  equivalent  reactance  of  the  transformer  referred 
to  the  primary  side.  Its  use  in  determining  the  characteristics  of 
the  transformer  will  be  considered  later. 

Likewise,  the  equivalent  reactance  referred  to  the  secondary 
side 


-A  02  ^  X 


02    ~   -A2 


+  ©    X.  (53) 
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If  the  permeance  of  the  leakage  flux  paths  is  the  same  for  both 
primary  and  secondary,  the  leakage  reactances  of  the  primary 
and  secondary  are  to  each  other  as  the  square  of  the  nimiber  of 
turns.  This  follows  from  the  fact  that  inductance  varies  as  the 
square  of  the  number  of  turns,  as  was  demonstrated  in  Vol.  I, 
Chap.  M^II.  In  the  actual  transformer  it  is  practically  impos- 
sible to  separate  Xi  and  X2,  because  the  paths  of  the  leakage 
flux  are  complicated,  some  of  the  flux  linking  only  a  part  of  the 
turns,  etc.  However,  it  is  not  necessary  to  know  Xi  and  Xt 
separately,  but  rather  their  combined  effect.  This  effect  may 
be  foimd  by  multi[dying  Xoi  by  the  primary  current  /i  and  adding 
this  voltage  in  its  proper  phase,  or  it  may  be  found  by  using  X^ 
and  the  secondary  current  It  and  adding  this  voltage  in  its  proper 
phase. 

The  relations  which  follow  from  the  preceding  equations  are: 


03 
Xoi 


=©*  <») 


■m' 


-A  02 

The  equivalent  impedance  referred  to  the  primary 

Zoi  =  ViRoO*  +  (^01)* 

The  equivalent  impedance  referred  to  the  secondary 

Z^  =  V(iJ«)*  +  (X«)^ 
Also 

Zqi 

Zfn 

That  is,  the  equivalent  resistance,  reactance,  and  impedance 
referred  to  the  primary  are  to  the  equivalent  resistance,  reactance, 
and  'mpedance  referred  to  the  secondary  as  the  ratio  of  primary 
to  secondary  turns  squared. 

Example. — A  50-kv-a.  4,400  to  220-volt  transformer  has  a  primary  re- 
sistance and  reactance  of  3.45  and  5.40  ohms,  respectively.  The  secondary 
reastance  and  reactance  are  0.0085  ohm  and  0.014  ohm,  respectively.  Find 
(a)  the  equivalent  resistance  referred  to  the  primary;  (b)  the  equivalent 
resistance  referred  to  the  secondary;  (c)  the  equivalent  reactance  referred 
to  both  primary  and  secondary;  (d)  the  equivalent  impedance  referred  to 
both  primary  and  secondary;  (e)  the  total  copper  loss  using  the  individual 
resistances  of  the  two  windings  and  using  the  equivalent  resistance  referred 
to  each  side. 
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The  primary  current, 


/         •60.000        -  -  rt« 


The  secondary  current, 


/OO.OOO  rMVT 

'  =  ^20"  -227»"»P- 

The  ratio  of  transformation 

Ni  ^    220    ^  2 
iSTi       4,400       20 

(a)  iJoi  =  3.45  +  (^\  *  0.0085  =  3.45  +  3.40  =  6.85  ohms.     Ana. 

(6)  Roi  =  0.0085  +  (^  *  3.45  =  0.00850  +  0.00863  = 

0.0171  ohm.     Ans. 
Also  i2o»  =  Roi  (^)  *  =  ^  =  0.0171  ohm.     Check. 


(c) 


Xoi  =  5.40  +  (^\  *  0.014  =  5.40  +  5.60  =  11.00  ohms.  Ans. 

Xo2  =  0.014  +  (^  *  5.40  =  0.014  +  0.0135  =  0.0275  ohm. 

Ans, 
Also       Xo2  =   (^)  '  Xoi  =  ^^  =  0.0275  ohm.     Check. 

(d)  Zoi  =  V(6.85)»  +  (11.0)^  =  12.96  ohms.     Ans. 

Zo2  =  \/(0.0171)«  -f  (0.0275)«  =  0.0324  ohm.     Ans. 

Also        Zo«  =  Zoi  (^)  '  =  ^1^  =  0.0324  ohm.     Check. 

(e)  Pc  =  (11.36)«  3.45  +  (227)«  0.0085  =  883  watts.     Ans. 
Pc  =  /i*/2oi  =  (11.36)«  6.85  =  883  watts.     Ans. 

Pc  =  li^Rot  =  (227)«  0.0171  =  883  watts.     Ans. 

The  equivalent  resistance,  reactance,  and  impedance  referred 
to  either  side  may  be  used  in  determining  the  transformer  charac- 
teristics, such  as  regulation,  eflBiciency,  etc.  That  is,  the  trans- 
former may  be  treated  as  a  simple  impedance  in  series  with  a 
load  which  is  connected  across  the  line.  Fig.  176  (c).  If  the 
primary  current  and  voltage  are  to  be  used,  the  primary  equiva- 
lent constants  Zoi,  Roi,  and  Xoi,  must  be  used,  as  is  shown  in 
Fig.  176  (c).  The  secondary  terminal  voltage  Fa  must  be  multi- 
plied by  the  ratio  of  transformation  (vvM  as  shown  in  Fig.  176  (c) 
in  order  to  refer  it  to  the  primary  side.  The  secondary  current 
must  be  multipUed  by  lj^\  in  order  to  refer  it  to  the  primary 
side.     The  problem  is  then  merely  one  of  a  simple  series  circuit 
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If  the  seocmdaiy  current  And  vtdtage  are  to  be  used,  the  seoond- 
ary  equivalent  oc»istantBy  Zts,  Rn,  and  X«t,  must  also  be  used. 
This  win  be  d^mmstrated  in  the  methods  of  t^ansf onner  testing 
^diich  follow. 

83.  Open-ctroiit  Test — ^Figure  177  shows  a  transformer 
having  the  low  side  connected  to  an  alternating  source  of  sup[dy 
and  the  hi^  side  open-circuited.  Either  an  auto-transformer 
or  a  drop  wire  is  shown  as  a  means  of  varying  the  v<rftage  sup- 
plied to  the  low  side  of  the  transformer.  A  vcdtmeter,  an  am- 
meter, and  a  wattmeter  are  connected  in  the  primary  circuit. 
The  vcdtmeter  reads  the  vtdtage  across  the  primary  terminals, 
the  ammeter  reads  the  no-load  current,  and  the  wattmeter  reads 
the  power  taken  by  the  tnnsionDen  under  these  conditions. 


I 


This  power  goes  to  suj^y  the  primary  I^R  loss  and  the  core  loss 
of  the  transformer.  As  the  exdting  currrait  is  v^y  smalL  the 
inimary  PR  loss  due  to  it  may  be  ne^ected.  Therefore,  the 
wattmet^  reads  the  transformer  core  loss.  If  the  primary  volt- 
age be  varied  and  the  core  loss  be  determined  for  different  valua? 
of  vcdtage,  a  curve  is  obtained  showing  the  relation  of  core  loss 
to  voltage.  At  no  load  the  flux  is  inacticaDy  proportional  to 
the  terminal  ventage,  as  the  primary  impedance  drop  due  to  the 
no-load  current  is  neghgiUe.  (See  equaticm  46,  page  174.) 
The  eddy-current  loss  vanes  as  the  square  of  the  voltage  and 
the  hysteresis  loss  as  the  1.6  "power  of  the  voltage.  The  core 
loss  win  inerease,  therefcne,  nearly  as  the  square  of  the  voltage, 
as  dKnm  in  Fig.  178  (a). 

Traasf ormers  are  usuaUy  so  designed  that  the  most  economical 
use  of  materials  is  obtained.     Therefore,  the  core  is  operated  at 
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as  high  a  Sux  density  as  the  allowable  core  loss  will  permit.  A 
Ktudy  of  Fig.  178  (a)  shows  that  a  slight  increase  of  voltage, 
above  rated  voltage,  produces  a  very  large  percentage  increase 
in  core  loss.  As  transformers  are  rated  by  their  maximmn  safe 
ojxirating  temperatures,  this  increased  core  loss  may  cause  over- 
heating of  the  transformer.  Therefore,  the  effect  of  operating 
transformers  at  over-voltage  is  to  produce  a  large  increase  in 
temperature. 

If  the  magnetizing  current  be  plotted  as  abscissas,  and  the 
voltage  as  ordinates,  a  saturation  curve  similar  to  that  of  Fig. 
178  (6)  is  obtained.  The  point  marked  "rated  voltage"  is  the 
point  on  the  saturation  curve  at  which  transformers  are  generally 
operated,  and  is  well  beyond  the  knee  of  the  curve.  Outside 
the  question  of  increased  core  loss,  the  usual  transformer  cannot 


Toltag* 


Tf^  (HafnetUtaf  Carreat) 


Fig.   178  (a).- 
FiQ.  178  (b).- 


(a)  (b) 

-Relation  of  core  loss  to  voltage  in  a  transformer. 
-Relation  of  magnetijung  current  to  voltage  in  a  transformer. 


be  operated  at  a  voltage  very  much  in  excess  of  its  rated  voltage, 
for  the  exciting  current  increases  very  rapidly  with  small  increase 
in  voltage,  as  indicated  in  Fig.  178  (6). 

The  flux  density  in  the  core  is  determined  primarily  by  the  per- 
missible core  loss.  Open-hearth  annealed  sheet  steel,  such  as  is 
used  in  dynamos,  can  be  used  for  transformer  cores.  For  a  given 
flux  density  and  frequency,  however,  silicon  steel  has  much  less 
core  loss  pen*  unit  volume  than  open-hearth  steel,  the  effect  of 
the  silicon  being  to  increase  the  electrical  resistance,  and  hence 
reduce  the  eddy-current  loss.  Because  of  its  small  core  loss, 
silicon  steel  may  be  operated  safely  at  very  high  flux  densities. 
The  greater  cost  of  silicon  steel  is  more  than  offset  by  the  saving 
in  iron  and  in  copper,  and  in  the  general  reduction  of  the 
transformer  dimensions. 
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in  transformer. 


Pro.  ISO. — ConnectioBS  for  shorVeov^t  l««i 
of  a  tnaksfomwr. 


also  in  order  that  a  reasonable  voltage  drop  may  be  obtained* 
In  a  transformer,  the  impedance  drop  seldom  exceeds  5  per  cent, 
of  the  rated  voltage.  If  the  2y200-'Volt  side  of  a  transformer^  Fig. 
180,  be  used  as  the  primary,  the  voltage  necessary  to  send  rated 
current  through  the  windings  on  short-circuit  is  about  5  per  cent, 
of  2,200,  or  110  volts,  which  is  a  standard  voltage  for  instrument 
coils.  If  the  secondary  of  the  transformer  were  rated  at  220 
volts,  the  voltage  at  short-circuit  would  be  only  11  volts  and  the 
current  would  also  be  high.  At  this  low  voltage,  high  precision 
could  not  be  obtained  with  ordinary  instruments. 
When  a  primary  current  /i  flows.  Fig.  180,  the  secondary 

current  It  is  equal  to  /i  \j^] .    There  is,  therefore,  no  need  of  using 

an  ammeter  for  measuring  1 2-  The  power  delivered  to  the  trans- 
former. Fig.  180,  goes  to  supply  three  losses;  the  primary  copper 
loss,  Ii^Ri,  the  secondary  copper  loss,  /j^/Zj,  and  the  core  loss  at 
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short-circuit.  The  core  loss  is  negligible,  as  5  per  cent,  primary 
voltage  means  only  about  2)^  per  cent,  of  the  rated  value  of  flux, 
since  half  the  impressed  voltage  on  short-circuit  is  consumed  in  the 
primary  impedance  drop.  The  core  loss  at  2  or  3  per  cent,  of  the 
rated  flux  is  so  small  as  to  be  negligible,  for  the  core  loss  varies 
nearly  as  the  square  of  the  flux.  Therefore,  the  power  at  short- 
circuit 

where  floi  and  R^i  are  the  transformer  equivalent  resistances 
referred  to  the  primary  and  secondary,  respectively. 


Rax  = 


-Ro2  = 


P 


/,x, 


The  value  of  equivalent  resistance  as  foimd  in  this  manner 
may  be  checked  with  the  value  determined  by  measuring  the 

resistance  of  each  winding 
with  direct  current.  The 
ratio  of  effective  to  ohmic 
resistance  is  only  a  few  per 
cent,  greater  than  unity  in 
most  transformers. 

Figure    181    shows    the 

equivalent-circuit      vector 

diagram  for  the  short-cir- 

,/,«/,    cuit    test.     This    diagram 

is  merely  that  of  Fig.  176, 

FiQ.  181.— Vector  diagram  for  short-circuited  exCCpt  that  Vt  nOW  equals 

transformer.  ^ero,  and  all  quantities  are 

now  referred  to  the  primary  side.  It  will  be  recognized  in  Fig.  181 
that  the  entire  voltage  V\  is  consumed  in  the  impedance  drops  of  the 
two  windings.  From  this  it  is  obvious  that  if  Zoi  be  the  equiva- 
lent impedance  of  the  transformer,  referred  to  the  primary  side, 

V, 
/i 


i^oi    — 


(58) 


Zm  =  z 


01 


©' 


(59) 
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Knowing  the  equivalent  impedance  and  equivalent  resistance, 
the  equivalent  reactance  is  readily  found. 

Zo  =  VZo*  -  /Zo'  (60) 

for  either  primary  or  secondary  side. 

In  making  the  short-circuit  and  the  open-circuit  tests,  the 
question  of  instrument  losses  should  be  investigated  and  correc- 
tion made  if  this  be  found  necessary.  As  the  losses  in  a  trans- 
former are  very  small,  the  power  taken  by  the  instruments  may 
be  a  considerable  percentage  of  the  power  being  measured. 

85.  Regulation  and  Efficiency. — The  data  obtained  from  the 
short-circuit  and  open-circuit  tests  are  sufficient  to  compute  the 
regulation  and  the  efficiency  of  the  transformer  at  any  load. 

As  the  equivalent  resistance  and  reactance  referred  to  either 
side  are  known,  it  is  merely  necessary  to  proceed  by  the  method 
of  Par.  81,  page  182,  to  determine  the  regulation.  The  pro- 
cedure will  be  demonstrated  by  an  example  which  follows. 

It  has  been  pointed  out  that  with  constant  voltage  the  mutual 
flux  of  the  transformer  is  practically  constant  from  no  load  to  full 
load.  It  usually  does  not  vary  more  than  from  1  to  3  per  cent. 
Therefore,  the  core  loss  is  practically  constant  at  all  loads  and 
may  be  determined  by  the  open-circuit  test.  Fig.  177.  For  most 
purposes  it  is  necessary  merely  to  measure  the  loss  at  the  rated 
voltage  of  the  transformer. 

The  only  other  losses  are  the  primary  and  secondary  copper 
losses.  These  can  be  calculated  readily,  knowing  the  resistances 
of  primary  and  secondary,  or  they  may  be  computed  from  the 
equivalent  resistance  determined  at  short-circuit.  The  efficiency 
of  the  transformer  may  then  be  computed,  since  the  losses  are 
known.     That  is,  the  efficiency 

j^a    ^  F2/2(P>F.) .      . 

72/2(P.F.)  +  Core  Loss  +  li'R^  +  /a^iJa         ^  ^ 


72/2(P.F.)  +  Core  Loss  +  I^^R^it 

Example, — A  20-kv-a.,  2,200  to  220-volt,  60-cycle  distributing  transformer 
is  tested  for  efficiency  and  regulation  as  follows:  A  wattmeter,  an  ammeter 
and  a  voltmeter  are  used  to  measure  the  input  to  the  low  side,  the  high  side 
being  open-circuited  as  shown  in  Fig.  177.  The  wattmeter  reads  148 
watts,  the  ammeter  4.2  amp.  and  the  voltmeter  220  volts.  The  trans- 
is 


«         ■ 


'  ■.  n&.\  K  ? 


...r-wTr^ac*  11--:  i^ic.. 


'o- 


/       :*).  7  ohms.     J.fu. 


1.10  2,200  =  9.1  amps-     Tsinc 


2.200  X  0.6  -  9.1  V  -20.7  = 


^    .'.\-<>ide  constants. 


•220  X  0.6  -t-  91  X  0.-207  - 


16,000 


.    I.  .    .    ,..'.-    \  3.72        16,460 

97.2  per  cent.     Aru. 

_  ^  8.000^ 
•  i\    -  .  :.iM:     \  :<.72  ""  8,225 

97.3  per  cent.     Aru. 

..y    -.»i:KHined  if  the  low-^ide 

'  w    JUicaoy  is  much  more  aecu- 
'.    iho  output  and  input, 
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because  the  loBses  are  bo  small  a  part  of  the  output  that  a  larpre 
percentage  error  in  their  measurement  will  make  only  a  smaU 
error  in  the  efficiency.  As  the  output  and  the  input  are  so  nearly 
equal,  it  is  difficult  to  detennine  tJie  efficiency  accurately  hy 
direct  measurement. 

Rgure  182  shows  the  vcdtage  diaractenstic  and  the  cfficJenrr 
of  a  100-kv-a.,  60-c\-cle,  2,200/122  to  144-volt  transformer 
plotted  against  load.  It  will  be  noted  that  the  efficiency  is  high 
and  is  practically  constant  from  '^^  load  to  25  per  cent,  overioad. 
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86.  Coire-  and  Siidl-4ype  TiinirfiHaii  ih — Transformers  are 
divided  into  two  general  types,  tiie  core  type  and  the  shell  type. 
These  two  types  differ  in  the  arrangenient  of  the  iron  and 
copper  with  respect  to  each  other. 

In  the  core  type  of  transf  ormer  the  windizig  or  the  copper 
surrounds  the  iron  core,  figures  170, 172,  and  173  are  diagram- 
matic merely,  but  they  represent  core-type  transforroeTS,  F%UTe 
183  (a)  shows  the  general  arrangExoent  of  the  core-type  trans- 
former. The  core  is  in  the  form  of  a  hoDow  sqiEUire  made  up  of 
sheet-steel  laminatioiis  abcyot  14  mils  thi^.     These  faaninations 
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former  is  then  rpvoratKi,  the  low  side  being  short-cir 
apphed  to  the  high  side.     Instruments  having  the  {■' 
nected  in  circuit  as  shown  in  Fig.  180.     The  animetor  t. 
the  wattmeter  410  watts*  and  the  voltmeter  220  volts. 

Find:     ^a^  Transiornier  con'  loss,     (b^  Equivalei'.:  r 
high  aide,     (r^  Lquivalent  resistance  n*fentMi  to  K^w 
reactance  referred  lo  higli  side,     ^r^  Equivalent  - 
aide.     \J^  liegulation  of  transformer  at  O.S  powi  ■ 
vff ^  Efhciency  oi  transformer  at  full  and  at  half  loaJ. 
factor,  lagging  cum»nt. 

^a^  Core  loss  is  indicated  direi'tly  by  the  wat!:: 

watts.     Ans. 

410 
<b'    Ko.  =  -~r^.  =  3.72  ohms.      Ans. 

^,c^    il^;:  =  3.72  L^^^^^)  '  =  0.1«72 oh^     Arc^ 
(d^    Zy.  ^  ^'fV  =  2l.0ohnLH. 


ij  A*o:  =  \  T2i.O^^  -  v3.72'^=*  =  V^427  =  -> 

I*  ve^   Xo,  =  20.7  {.T^)  '  '  0.207  ohm.     .1  - 


[P   Work  on  high  aide. 

The  rated   high-side  current   is  20  .W  :  _.v 
equation   ,49  \  page  I  S3. 

V,  =  \  \'27J00~\  O.S  -r  9.1  X  3.72)^    r   ,-.- 

\  5,492,000  =  2,340  volta. 

«       1  .            2,340  -  2.200       ^  .^ 
Regulation  =  o^Hift =  tKoO  per  oc-r:. 

The  same  result  is  obtained  using  the  lovv>>^o.o 
v..  =  \  '220  X  O.J^  T9i~X  0.0372)*   i-  .2-,V 

=  \  54.920  =  234  volts 

234  —  "'20 
Regulation  =  "-   .y^-T^     =  ^3d  per  cent.       » 

\j/)  Full-ioud  etf.  vusing  high-side  coustautii^ 

20»000  X  0.80 


■  20,000" XO.SO  +  148  +  (9.1>*  \  < 

Half-K)ad  clT. 
I!  _  _  10,000  X  O.SO 

"  10,000  X  O.SO    h  148    i    .1.  ».•      \ 


The  saiiio  values  of  olHeitMu'v    .i  ■ 
current  iiiiJ  rosistaiiee  :iiv  usetl. 

This  method  of  deteiiiiiuiiiK  ilu-    .:•    ..  . 
rate   than   aii   actual   lueasuieuui. 
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axe  usually  built  up  with  rectangular  strips,  the  joints  of  which 
butt,  in  the  individual  layers.  However,  the  joints  lap  in  alter- 
nate layers,  as  indicated  by  Fig.  183  (b),  which  shows  the  arrange- 
ment of  joints  in  two  adjacent  layers.  When  a  large  number 
of  transformers  of  a  single  type  are  being  manufactured,  the 
laminations  are  often  made  of  L-shaped  stampings  stacked  so 


C4) 


that  the  joints  alternate.     Figure   183   (c)  shows  a  core-type 
transformer  assembled,  with  leads,  etc.,  but  without  the  case. 

If  a  transformer  were  made  with  the  primary  and  secondary 
coils  on  separate  legs,  as  indicated  in  Figs.  170,  172,  and  173, 
an  unsatisfactory  transformer  would  result,  as  the  lai^e  leak- 
age  flux   for   both   primary   and   secondary   would   give   very 
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poor  regulation.  By  having  both  a  primary  and  a  secondary  on 
each  leg,  as  shown  in  F^.  183  (a)  and  Fig.  183  (c),  the  leakage  Qux 
is  reduced  to  a  very  small  value.  If  the  high-voltage  winding 
were  placed  next  the  core,  it  would  be  necessary  to  insulate  it, 
both  from  the  core  and  from  the  low-voltage  winding.  Thus  two 
layers  of  high-voltage  insulation  would  be  necessary.  By  placing 
the  high-voltage  winding  outside,  and  around  the  low-voltage 
winding,  only  the  one  layer  of  high-voltage  insulation,  that  be- 
tween the  high-  and  low-voltage  windings,  is  necessary. 

In  the  core  type  of  transformer  the  mean  length  of  turn  is  less, 
but  the  mean  length  of  magnetic 
[)ath  is  greater  than  it  is  in  the 
shell  type.  The  core  type  of  trans- 
former is  well  adapted  to  high  volt- 
ages, especially  in  the  smaller 
capacities,  because  the  insulation 
problem  is  not  diHicult. 


(fr).^Coil   and  core  assembly  of 
Wagner  shell-type  difltribution  trana- 
former. 
Fio.  184. — Shell-type  tranHformer. 

In  the  shell  type  of  transformer,  the  iron  surrounds  the  copper, 
as  shown  in  Fig.  184.  The  core  has  the  form  of  a  figure  8.  The 
entire  flux  passes  through  the  central  part  of  the  core,  but  outside 
this  central  core  it  divides,  half  going  in  each  direction  as  shown 
in  Fig.  184  (a).  This  results  in  a  much  shorter  effective  length 
of  magnetic  path,  but  a  greater  mean  length  of  turn.  The  coils 
are  made  in  the  shape  of  pancakes,  usually  wound  with  strip 
copper.  These  coils  are  taped,  and  the  primary  and  secondary 
are  usuaDy  stacked  so  that  each  primary  is  adjacent  to  a  sec- 
ondary. In  this  manner  the  leakage  flux  of  both  primary  and 
secondary  is  reduced  to  a  very  small  value.  In  Fig.  184  (o)  the 
primaries  are  the  high  side  and  the  secondaries  are  the  low  aide 
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The  secocdaries,  or  low-dde  coils,  are  placed  adjacent  to  the  iron  in 
order  to  mininuze  the  amount  of  high-voltage  insulatioD  required. 
87.  Type  H  Transformer. — Iq  designing  a  transformer  it  is 
desirable  that  the  mean  length  of  turn  be  as  short  as  possible. 
This  reduces  both  the  weight  of  copper  and  the  reastance  and 
reactance  of  the  winding.  This  is  accomplished  in  the  Type  H 
transformer  of  the  General  Electric  Co.  by  making  a  shell-type 
transformer  in  which  the  core  is  cru- 
ciform In  shape,  as  shown  in  Fig.  185. 
The  central  core  around  which  the 
coils  are  wound  is  operated  at  much 
higher  flux  density  than  the  foiu* 
wings.  Although  the  reluctance  and 
losses  in  this  core  are  high,  they  are  not 
excessive  when  the  entire  magnetic 
circuit  is  considered.  These  trans- 
formers are  used  mostly  as  distribution  transformers  for  stepping 
down  from  2,200  and  1,100  volts  to  220  and  110  volts,  so  that  the 
primary  is  the  high  side.  It  will  be  observed  that  the  low  side, 
the  secondary,  is  next  the  iron.  That  is,  one  of  the  two  low-side 
coils  is  next  the  central  core  and  the  other  is  next  the  iron  of  the 
four  wings.  The  two  high-side  coils  he  between  the  two  low-flide 
coils,  and  are  not  adjacent  to  the  iron.  The  two  high-side  coils 
are  insulated  from  the  low-side  coils  by  the  mica  shields  repre- 
sented by  heavy  lines.  The  advantage  of  this  design  is  that 
only  moderate  insulation  is  required  between  the  low-side  coils 
and  the  core.  As  high-voltage  insulation  need  be  used  only 
between  the  high-  and  the  low-voltage  coils,  a  minimum  amount 
of  high-voltage  insulation  is  required. 

In  designing  a  transformer,  provision  should  be  made  for  keep- 
ing it  cool.  Spaces  or  ducts  should  be  left  between  coils  and 
between  coils  and  core.  Such  ducts,  or  channels,  are  shown  in 
Fig.  185.  The  oil  in  these  ducts  becomes  heated,  its  specific 
gravity  decreases,  and  the  oil  rises.  When  it  comes  in  contact 
with  the  transformer  case  it  cools,  which  increases  its  specific 
gravity,  and  it  therefore  flows  downwards  outside  the  trans- 
former coils,  and  is  subjected  to  further  cooling.  There  is  a 
continuous  circulation  of  oil  up  throi^h  the  coils  and  the  core 
which  carries  away  the  heat. 


THE   TRASSFOEMES 


1«> 


I%iiR  186  dM)WE  m  Type  H  tnmsfonner  KBembktd.  hui  tt- 
moved  fnsn  he  case. 

88-  Coafinc  ^^  Tiainlujaas. — All  tbp  eztcTEr  kiRl  in  %  tn3i»- 
fotmer  most  be  disBipMed  as  hea,t-  Altboof^  tliip  enpTt^  if  hut 
a  sn&n  jmponion  of  tlte  total  enes^  andea^tHi^  trait^amuiion. 
it  becomes  quite  lu^  in  amount  in  tbe  lai^er  capacity  traitf>- 
fmmeTS-  Tbe  laign  the  trnt^arma  Hat  more  difficoh  il  be- 
comes to  <fiflHpate  tlte  beat,  for  tbe  kilowatt  capataty  of  tbe 
tJBnsftnTDer  increases  mocii  faf^er  tban  Ibe  radiatiitf:  fVTface. 


Transformere  are  divided  into  two  classes,  aelf-cooled  types 
and  artificially-cooled  types.  The  aelf-cooled  types  are  usually 
immersed  in  oiL  The  oQ  within  the  windings  and  core  becomes 
heated  and,  because  of  the  lesser  density  of  the  heated  oil,  it  rises 
to  the  top  of  the  case,  where  it  becomes  cooled.  The  cooled  oil 
has  a  greater  density  than  the  warm  oil  and  so  flows  downwards, 
in  close  contact  with  tbe  case,  where  it  b  further  cooled.  After 
it  reaches  the  bottom  of  the  transformer  it  again  rises,  passing 
up  through  the  windings.  In  addition  to  carrying  heat  away  from 
the  windingsand  core,  the  oil  is  an  excellent  insulator  and  dielectric. 
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In  the  moderate  sizes  of  traosformers,  the  radiating  surface  is 
increased  by  corrugating  the  case  (Fig.  187).  As  transformere 
increase  in  capacity,  it  becomes  difficult  to  dissipate  the  heat  by 
means  of  the  surface  of  the  case  alone.  One  method  of  increasing 
the  radiatinR  surface  is  to  use  exterior  tubes  running  from  the  top 
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Flo.    188.— Wes 


of  the  case  to  the  bottom  (Fig.  188).  The  hot  oil  passes  out 
from  the  tank  into  the  top  of  the  tubes,  is  gradually  cooled  and 
descends  through  the  tubes  to  the  bottom  of  the  tank  where  it 
again  passes  up  through  the  windings  and  core. 
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Transformers  having  this  tubular  construction  are  limited  in 
size  by  the  side  and  overhead  clearances  of  the  railroads.  The 
tubular  principle  can  be  utilized,  however,  by  bolting  radiators  to 
the  casing  to  take  the  place  of  the  tubes,  as  is  shown  in  Figs.  189 
and  190.  As  these  radiators  are  held  by  bolts,  they  may  be  re- 
moved during  shipment  and  bolted  in  place  when  the  transformer 


is  installed.  Figure  191  shows  the  core  and  windings  of  the  radi- 
ator type  of  transformer  of  Fig,  190.  It  will  be  observed  that  this 
is  a  shell  type  of  transformer.  When  the  leads  are  carried  out 
through  bushings  in  the  transformer  cover  it  is  necessary  to  sup- 
port the  core  and  windings  entirely  from  the  cover.  The  cover 
with  the  core  and  windings  can  then  be  lifted  as  a  unit. 
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There  are  two  different  types  trf  artifidally-cocded  truiaformiers, 
air-cooled  and  ofl-cooled  trftDsfonnen.  The  air-cotded  or  air^ 
blast  type  is  ordinarQy  mounted  on  a  i^tfonn  under  which 
air  pressure  is  maintained  by  means  of  blowers  (fig.  192). 
The  air  is  forced  up  through  the  transformer  windings,  keeping 
them  at  the  proper  temperature.  The  advantage  of  air-co(rfed 
transformers  is  that  fire  risk  is  reduced  because  the  danger  of 
flooding  the  station  with  burning  oil  is  eliminated.     They  are 


therefore  used  extensively  in  sub-stations  which  are  located  in 
congested  districts.  On  the  other  band,  this  type  of  transformer 
does  not  have  the  dielectric  strength  which  the  oil  adds  to  the 
insulation.  For  this  reason  air-cooled  transformers  are  seldom 
manufactured  for  potentials  in  excess  of  30,000  volts. 

The  most  common  method  of  artificially  cooling  the  oil  type  of 
transformer  is  to  place  a  copper  coil  in  the  top  of  the  transformer 
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tank  and  etrenlsle  cDcding  mter  timnigb  tbe  coiL  TliM  «cil  it- 
located  vbere  h  ie  id  contact  wttb  tbe  liot  oil  (Fi^-  Vfij.  C«f«tiiJ 
tests  dioold  be  made  at  t«^ular  iiit«rvab  fur  lefti^  iu  tb';  «oultuic 
etuk,  B£  tiie  praaeDce  of  a  ver>-  di^  amuuirt  wf  watw  a/  tb<;  uil 
gTes%  impair  he  insulaitiie  aod  dteksctrii'  pruperiW. 
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Fia.  192. — Cooling  of  air-btagt  tranHformen. 


FiQ.  193. — Water-cooled,  ahell-tyiw  transformer  removed  from  its  n 
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80  that  the  empty  legs  of  the  three  are  in  contact.    The  center 
leg  formed  by  these  three  carries  the  sum  of  the  three  fluxes 


Fio.   194  (6).— Prac 


S-phase,  core-type 


produced  by  the  three-phase  currents  I\,  It  and  /a.     As  the  sum 
of  the  three  currents  at  any  instant  is  zero,  the  sum  of  the  three 
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fluxes  must  also  be  zero.  No  appreciable  flux  exists  in  the  com- 
mon leg  and  this  leg  may  be  eliminated,  therefore,  without  disturb- 
ing existing  conditions.  A  more  practical  arrangement,  from  the 
construction  standpoint,  is  shown  in  Fig.  194  (b).  The  reluc- 
tance of  the  magnetic  circuit  for  the  center  coil  is  less  than  it  is 
for  the  two  outer  coils.  This  makes  the  magnetizing  current  of 
the  middle  phase  shghtly  less  than  that  of  the  two  outer  phases, 
but  the  magnetizing  currents  are  so  small  that  this  has  no  notice- 
able effect  on  the  operation  of  the  transformer. 

Figure  195  shows  a  three- 
phase,  shell-type  transformer. 
It  does  not  differ  from  three 
single-phase,  shell-type  trans- 
formers laid  side  by  side. 
Owing  to  the  joint  use  of  the 
magnetic  paths  between  the 
coils,  there  is  less  iron  in  this 
type  of  transformer  than  in 
three  equivalent  single-phase 
units  As  each  phase  has  a 
magnetic  circuit  independent 
of  the  others,  the  three  phases 
are  more  independent  of  one 
another  than  they  are  in  the 
iplete  three-phase  trans- 
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core    type.     Figure   188   shows  a   > 
former  with  a  tubular  tank. 

The  lower  cost  of  three-phase  transformers  and  the  smaller 
space  occupied  by  them  is  often  balanced  by  the  fact  that  if  any 
one  phase  becomes  disabled,  the  whole  transformer  must  ordi- 
narily be  removed  from  service.  (The  shell  type  may  be  oper- 
ated open  delta  at  58  per  cent,  of  its  rating,  but  this  is  not  always 
feasible.)  If  one  transformer  of  a  three-phase  bank  of  single- 
phase  transformers  becomes  disabled,  the  system  may  run  open 
delta  at  reduced  capacity  or  the  transformer  may  be  replaced 
by  a  single  spare  which  can  be  readily  substituted. 

90.  Auto-transforuers. — Figure  196  shows  a  drop  wire,  having 
a  resistance  of  10  ohms,  connected  across  a  100-volt  supply. 
The  supply  may  be  either  direct  or  alternating  current.  A  load 
having  a  resistance  of  5  ohms  is  tapped  to  the  middle  of  the  drop 


THE  TRASSFORMER 


20: 


wire  and  to  one  side  of  the  line.  The  parallel  resistance  of  the 
two  5-ohm  coils  is  2.5  ohms,  which  being  in  series  with  5  ohms 
makes  a  total  resistance  of  7.5  ohms  across  the  100-volt  circuit. 
The  total  cmrent  flowing  is  100/7.5  =  13.3  amp.  This  current 
of  13.3  amps,  divides  equally  between  the  two  parallel  resistances, 
making  6.67  amp.  in  each.  The  voltage  across  the  single  5-ohm 
resistance  is  66.7  volts  and  that  across  the  5-ohm  resistance  which 
constitutes  the  load  is  33.3  volts.  In 
order  to  obtain  6.67  amp.  at  33.3 
volts  with  this  system,  the  line  must 
sup{dy  13.3  amp.  at  100  volts.  The 
efficiency  of  this  system  is  therefore 
very  low. 

Figure  197  (a)  shows  a  transformer    Fio.  196. — Currents  in  a  drop- 

whose  primary  ac  is  connected  across  """^  system. 

100-volt  alternating-current  supply.  The  secondary  Vc'  has 
just  half  the  number  of  turns  of  the  primary  ac^  and  therefore 
the  voltage  across  the  secondary  is  50  volts.  This  secon- 
dary 6V  supplies  a  2.5-ohm  resistance  so  that  the  secondary 
current  is  20  amp.  Instantaneous  directions  of  currents  are 
indicated.  Neglecting  the  magnetizing  current,  the  primary  cur- 
rent lac  is  10  amp.  flowing  downwards  as  indicated.  It  will  be 
noted  that  the  secondary  current  leb  is  20  amp.  flowing  upwards. 
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FiQ.  197. — Currents  and  voltages  in  an  auto-transformer  supplying  load  at  60 

per  cent,  voltage. 

If  the  secondary  winding  6'c'  be  combined  with  the  part  6c 
of  the  primary  winding,  where  b  is  the  mid-point  of  the  winding 
ac,  no  disturbance  will  occur,  as  the  voltage  Veb  is  equal  to  the 
voltage  V/b  and  the  two  are  substantially  in  phase.  (The  cur- 
rent flows  against  the  emf.  in  winding  6c  and  with  the  emf .  in 
winding  6V.)  Assume  that  the  windings  6c  and  6'c'  are  in  con- 
tact at  every  point  giving  a  single  winding,  as  shown  in  Fig.  197 
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(6).  The  current  I^  will  now  be  the  algebraic  difference  of  the 
original  primary  current  Ihe  and  the  secondary  current  /cV,  or  10 
amp.  as  shown.  Therefore,  instead  of  having  two  windings,  one 
of  which  carries  10  amp.  and  the  other  20  amp.,  a  single  winding 
only  is  necessary  and  its  rating  need  not  be  greater  than  10  amp. 
The  copper  represented  by  the  20-amp.  secondary,  Fig.  197  (a), 
may  in  this  case  be  eliminated  and  yet  there  is  sufficient  copper 
to  transfer  the  same  power  from  one  circuit  to  the  other.  Such 
a  transformer  is  called  an  autoAran^ormer  or  compensator. 

The  primary  voltage  is  Eae  and  the  winding  ac  receives  the 
|)owor;  the  secondary  voltage  is  Ebe\  the  ratio  of  transformation 
is  Eht/E«ic\  the  magnetizing  current  flows  through  winding  ac. 
Therefore,  the  winding  ac  could  properly  be  considered  as  the 
primary  and  the  winding  6c  as  the  secondary.  When  discussing 
the  currttU  and  power  relations  within  the  transformer  itself, 
the  treatment  is  simplified  by  considering  the  winding  ab  as  the 
primary  and  the  winding  he  as  the  secondary,  the  magnetizing 
current  l)eing  neglects. 

The  coil  he  supplies  power  to  the  load  and  is  the  secondary  of  a 
transformer  of  which  ah  is  the  primar>\  Neglecting  losses  and 
magnetiiing  current*  both  of  which  are  small: 

The  power  delivered  to  the  load  is  50  X  20  =  1,000  watts. 

The  pox^-er  in  the  primary*  afc  is       50  X  10  =     500  watts. 

The  power  in  the  secondary'  be  is    50  X  10  =     500  watts. 

Only  500  \\*atts  are  transformed,  but  1,000  watts  pass  to  the 
lo^id. 

The  extm  500  watts  are  ikrf  tran^ormedy  but  merely  flow  ocm- 
rfucfiVefy  from  the  line  a'o  to  the  line  ML  In  this  case  but  half 
the  total  power  is  tran^ormed. 

In  the  drop  wire,  the  current  flowing  from  a  to  6,  Fig.  196, 
undergoes  a  drop  in  potential.  The  power,  represented  by  the 
pncnluct  of  this  drop  in  potential  and  the  current,  goes  to  heat 
the  wiw*  «fe.  In  the  auto-transformer,  however,  the  power  reiwe- 
sented  by  the  current  undergoing  a  drop  in  potential  from  a  to  6, 
Fig,  197  (fc\  is  not  wasted,  but  is  transferred  to  the  mag:neticfidd. 
This  power,  transferred  to  the  magnetic  fidd,  appears  in  the 
winding  be  wher^  a  current  of  10  amp,  is  raised  SO  volts  in  poten- 
tial. That  is,  by  transformer  action,  pow^  is  transfeiTed  frcMn 
windhnc  nA  to  winding  6c 


THE  TRANSFORMER  209 

Although  diagrammatically  the  auto-transformer  looks  like 
a  drop  wire,  its  operation  is  entirely  different.  The  auto-trans- 
former is  superior,  both  as  regards  efficiency  and  voltage 
regulation. 

Figure  198  (a)  shows  a  regular  transformer,  which  transforms 
1,500  watts  from  100  volts  and  15  amp.  to  75  volts  and  20  amp. 
That  is,  the  voltage  is  stepped  down  in  the  ratio  of  4  to  3.  The 
primary  current  lac  is  15  amp.,  and  the  secondary  current  /e^y  is 
20  amp.  as  shown.  When  the  windings  he  and  6'c'  are  combined 
to  make  an  auto-transformer,  Fig.  198  (6),  the  net  current  in  6c 
is  but  5  amp.  The  winding  6  V  in  (a)  may  be  eliminated  entirely 
and  winding  6c  in  (6)  need  be  only  one-third  the  cross-section  of 
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Fig.   198. — Currents  and  voltages  in  an  auto-transformer  supplying  load  at  75 

per  cent,  voltage. 

the  winding  6c  in  (a).  Hence  there  is  a  very  considerable  saving 
in  copper  in  the  auto-transformer  over  the  regular  transformer. 

In  Fig.  198  (6), 

Primary  power  ina6  =  25Xl5  =  375  watts. 

Secondary  power  in  6c  =  75  X  5  =  375  watts. 

Transformed  power  =  375  watts. 

Power  conducted  must  then  be  1,500  —  375  =  1,125  watts. 

Only  one-fourth  the  total  power  involved  is  now  transformed^ 
whereas  in  Fig.  197,  one-half  the  total  power  was  tran.sformed. 

The  auto-transformer  is  sometimes  called  a  compensator. 
It  is  a  type  of  transformer  which  transforms  a  portion  of  the 
energy  and  allows  the  remainder  to  flow  conductively  through 
its  windings.  Its  action  is  analogous  to  the  balancer  set.  (See 
Vol.  I,  Page  391,  Par.  249.)  The  current  lab  in  dropping  through 
the  voltage  Eab  raises  the  current  leb  to  the  voltage  Ed,.  Wind- 
ing ab  corresponds  to  the  motor  and  winding  6c  to  the  generator 
of  Fig.  352,  Vol.  I,  page  391.     In  fact,  a  compensator  can  be  used 
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to  obtain  the  neutral  of  an  alternating-current  three-wire  system 
in  the  aame  manner  as  a  balancer  set  is  used  to  obtain  the  neu- 
tral in  a  direct-current  three-wire  system.  The  connections  of  a 
compensator  used  in  this  manner  are  shown  in  Fig.  199.  The 
compensator  is  superior  to  the  balancer  set  both  in  efficiency 
and  in  maintenance. 

For  moderate  ratios  of  transformation,  the  compensator  is 
much  more  economical  in  the  use  of  materials  and  has  a  much 
higher  efficiency  than  a  transformer  which  transforms  all  the 
power.  With  the  h^her  ratios  of  transformation,  more  and 
more  of  the  power  is  transformed  and  less  and  less  conducted. 
So  the  auto-transformer  is  economical  only  for  small  ratios  of 


transformation.  Also  the  low  side  and  the  high  side  are  con- 
nected together  conductively.  Therefore,  in  commercial  systoms 
the  low  side  should  be  grounded  at  the  proper  point  for  reasons  of 
safety,  if  the  high-side  voltage  is  sufficiently  high  to  be  dangerous. 
An  ordinary  lighting  transformer  can  be  used  as  an  auto-trans- 
former to  change  the  voltage  by  a  moderate  amount.  Figure 
200  shows  a  20-kv-a.,  2,200  to  220-volt  transformer.  The  rated 
primary  current 

20,000 
2,200  " 


/,  = - 


:  =  9.1  amp. 


and  the  rated  secondary  current 
^  20,000 
'         220 


91  amp. 


The  high  and  low  sides  can  carry  9.1  and  91  amp.,  respec- 
tively, without  exceeding  their  ratings.  The  low  side  may  be 
connected  to  raise  the  voltage,  as  shown  in  Fig.  200.  Ninety- 
one  amperes  can  flow  to  the  load  without  overloading  the  low- 
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tension  coil.  This  requires  9.1  amp.  in  the  high-side  coil  which 
is  now  acting  as  primary.  The  line  current  from  the  supply 
must  be  100.1  amp.  If  the  transformer  losses  are  neglected,  the 
power  suppUed 

Pi  =  2,200  X  100.1  =  220,220  watts 

power  delivered 

P,  =  2,420  X  91  =  220,220  watts 

power  transformed  =  91  X  220  =  20,000  watts. 

Assmne  97  per  cent.  eflSciency  for  the  transformer.     This 
means  that  the  loss  is  0.03  X  20,000  =  600  watts. 
The  eflSciency  of  the  system  is 

220,220        __  ^Q  ^  . 

220,220  +  600  ""  ^^         ' 

It  is  to  be  noted  that  a  device  of  this  type  is  very  similar  to  the 
series  booster  described  in  Vol.  I,  page  304,  Par.  204,  but  that  it 
is  much  simpler  and  much  more  eflScient.  When  an  ordinary 
lighting  transformer  is  used  in  this  manner  the  low-side  winding 
should  be  grounded  at  one  point  as  the  insulation  between  the 
low  side  and  core  is  not  designed  to  withstand  full  high-side 
potential. 

91.  Transformer  Connections. — ^There  are  several  methods  of 
connecting  three-phase  transformer  banks,  as  for  example, 
Y-Y,  A-A,  A-Y,  Y-A,  V-V,  T-T,  etc. 


Fig.  201. — Y-Y  connection  of  transformers. 

Figure  201  shows  a  Y-Y  connected  transformer  bank,  which 
may  be  either  a  step-up  or  a  step-down  bank.  Unless  the 
primary  neutral  is  connected  to  the  generator  neutral,  this  con- 
nection has  the  objection  of  having  a  ** floating''  neutral.  An 
extreme  case  is  illustrated  by  attempting  to  place  a  load  from 
wire  2  to  the  neutral,  on  the  secondary  side.     This  power  must 
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be  supplied  by  primary  coil  2.  This  primary  coil  cannot  supply 
the  power  because  it  is  in  series  with  the  primaries  1  and  3  whose 
secondaries  are  open-circuited.  The  two  primaries  1  and  3  imder 
these  conditions  act  as  very  high  impedances  so  that  the  primary 
2  can  obtain  but  very  Uttle  current  through  them  from  the  line. 
Therefore,  transformer  2  can  supply  no  appreciable  power.  In 
fact,  the  secondary  of  2  may  be  short-circuited  and  only  a  small 
current  will  flow.  The  short-circuit  merely  pulls  the  primary 
and  secondary  neutrals  over  to  wire  2. 


Primaries  Secondaries 

FiQ.  202. — Delta-delta  connection  of  transformers. 

This  difficulty  of  the  *' floating"  neutral  may  be  obviated  by 
connecting  the  primary  neutral  back  to  the  generator  so  that 
the  primary  of  transformer  2  can  take  its  power  from  between 
its  line  and  the  neutral.  Another  objection  to  Y-Y  connection 
is  the  fact  that  the  secondary  coil  voltages  contain  large  third 
harmonics. 


Secondariei 
FiQ.  203. — Delta-Y  connection  of  transformers. 

The  delta-delta  bank  shown  in  Fig.  202  is  often  used,  especially 
for  moderate  voltages.  It-s  chief  advantage  is  that  if  one  trans- 
former becomes  disabled,  the  system  may  operate  in  "V"  or 
open  delta.  In  both  the  Y-Y  and  the  delta-delta  connections, 
the  ratios  between  the  primary  and  secondary  line  voltages  are 
the  same  as  the  individual  transformer  ratios. 
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The  delta- Y  connection  shown  in  Fig.  203  is  a  very  useful 
connection  for  stepping  up  the  voltage.  It  is  not  open  to  the 
objection  of  a  "floating  neutral"  and  of  wave  distortion,  such 
as  the  Y-Y  connection  involves.  Another  distinct  advantage  of 
delta- Y  connection  over  the  delta-delta  connection' is  that  for 
high  voltages  the  transformers  need  not  be  so  well  insulated. 
For  a  100,000-volt  system,  the  Y-connected  transformers  need 
be  msulated  only  for  58,000  (100,000/ \/3)  volts,  whereas  delta- 
connected  transformers  must  be  insulated  for  100,000  volts. 
The  Y-delta  system  is  often  used  for  stepping  down  the  voltage. 

The  ratio  between  line  voltages  in  these  two  systems  is  not  the 
individual  transformer  ratio,  for  the  line  voltage  on  the  Y-side  is 
\/3  times  that  given  by  the  transformer  ratio.  A  delta-Y  bank 
cannot  be  paralleled  with  a  Y-Y  or  a  delta-delta  bank,  even  al- 
though the  voltage  ratios  are  correctly  adjusted,  as  there  will  be 
a  30®  phase  difference  between  corresponding  voltages  on  the 
secondary  side. 

Transformer  primaries  may  be  connected  in  either  Y  or  delta 
without  any  attention  being  paid  to  phase  relations.  The 
secondaries  must  be  phased  like  the  alternator  coils  in  Par.  59, 
page  125.  The  primaries  of  three-phase  transformers,  however, 
must  be  correctly  connected  as  regards  phase  relations.  The 
actual  phasing  is  often  avoided  as  the  primary  and  secondary 
connections  are  brought  out  of  the  case  symmetrically. 

92.  The  V-connection. — It  was  pointed  out  in  Par.  59,  page 
125,  that  line  voltage  must  exist  between  the  open  ends  of  the 
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FiQ.  204. — V  or  open-delta  connection  of  transformers. 

two  coils  of  the  delta  before  the  third  one  is  connected.  At  no 
load,  with  only  two  transformers,  three  equal  three-phase  voltages 
exist  around  the  secondaries  and  a  three-phase  transformation  is 
therefore  possible  with  only  two  transformers.     This  is  called  the 
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"  V  "  or  open-delta  connection,  Fig.  204.  Under  balanced  loads, 
the  voltages  may  become  slightly  imbalanced.  This  is  not  seri- 
ous in  conmiercial  transformers,  as  their  regulation  is  sddom 
greater  than  2  or  3  per  cent. 

At  first  thought  it  might  appear  that  the  V-connection  would 
have  two-thirds  the  capacity  of  the  delta-connection.  Both 
transformers  work  at  a  reduced  power-factor  when  connected  in 
V,  even  though  the  power-factor  of  the  load  remains  fixed. 
Therefore,  the  kv-a.  capacity  of  the  V-connection  is  less  than 
two-thirds  of  the  kv-a.  capacity  of  the  delta-connection  having 
individual  transformers  of  equal  rating.  The  ratio  of  the  V- 
capacity  to  the  delta-capacity  is  l/\/3  =  58  percent,  rather  than 
66%  per  cent.     This  can  be  proved  as  follows: 

Let  /  be  the  rated  current  of  each  transformer  and  E  the  line 
voltage.     The  power,  at  unity  power-factor.  Fig.  204,  is 

Pi  =  VZEI 

As  the  transformer  rating  is  determined  by  the  currentj  the 
output  of  three  of  these  transformers  in  delta  would  be 

Pt  =  3^7 
Therefore, 

Oftentimes  in  practice  a  V-bank  of  transformers  is  first  in- 
stalled. The  third  transformer  is  added  when  the  increase  in 
load  on  the  system  warrants  it.  The  rating  of  the  bank  is  then 
increased  73  per  cent,  with  an  investment  increase  of  but  50 
per  cent. 

93.  The  Scott  or  T-connection. — ^By  means  of  the  Scott  or 
T-connection  it  is  possible  to  transform  not  only  from  three-phase 
to  three-phase  by  means  of  two  transformers,  but  also  from  three- 
phase  to  two-phase  or  from  two-phase  to  three-phase.  The  method 
of  connecting  for  three-phase  to  three-phase  transformation  is 
shown  in  Fig.  205  (a)  and  (6).  Two  transformers  having  pri- 
maries ad  and  he  and  secondaries  a'd'  and  6V  are  used.  The 
middle  point  d  of  the  winding  he  and  d'  of  the  winding  6V  must 
be  accessible.  One  end  d  of  the  primary  winding  ad  is  connected 
to  the  middle  point  d  of  the  primary  he.  The  respective  ends  of 
the  three  coils  are  connected  to  the  three-phase  supply  abe.    The 
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transformer  he  is  called  the  main  transformer  and  ad  the  teaser 
transformer. 

Figure  205  (c)  shows  the  voltage  diagram.  The  three-phase 
supply  is  assumed  to  be  100  volts  across  lines  and  the  transformers 
have  a  one-to-one  ratio. 

The  voltages  Edc  and  Edb  are  each  equal  to  50  volts  and  are  180° 
apart,  since  coil  dc  and  coil  db  are  both  on  the  same  magnetic 
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Method  of  connecting  transformer  coils.  *  Vector  diagram. 

Fio.  205. — T-connected  transformers,  3-phase  to  3-phase. 

circuit.  Each  side  of  the  equilateral  triangle.  Fig.  205  (c),  is 
equal  to  100  volts.  The  voltage  Eda  is  the  altitude  of  the  equi- 
lateral triangle  and  is,  therefore,  equal  to  100\/3/2  or  86.6  volts. 
The  same  relations  hold  in  the  secondary  coils,  so  that  a'b^c'  is  a 
symmetrical  three-phase  system.  The  full  capacity  of  the  trans- 
formers is  not  utilized,  however.  The  teaser  transformer  oper- 
ates at  only  86.6  per  cent,  of  its  rated  voltage  and  in  the  coils  bd 
and  dc  the  current  lags  30®  in  one  and  leads  30®  in  the  other  at 
unity  power-factor.  This  gives  a  power-factor  of  0.866  in  the 
transformer  coils  and  is  therefore  equivalent  to  the  transformers 
operating  at  only  86.6  per  cent,  of  their  rated  kv-a,  capacity. 
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However,  if  the  teaser  is  designed  for  86.6  per  cent,  voltage,  it 
operates  at  full  capacity  and  the  capacity  of  the  system  is  then 

100  X  0.866  +  86.6       nnoo   ^*u   ^^i*        f 

./wx   .   og  g =  0.928  of  the  total  transformer  capacity. 

lUU  "T  oD.o 

If  the  ends  V  and  d'  of  the  secondaries  be  connected,  as  shown 
in  Fig.  206  (a),  a  two-phase,  three-wire  system  results.  The 
voltage  Ed  a'  is  equal  to  only  86.6  volts,  whereas  the  voltage  Eh  J 
equals  100  volts.  Therefore,  the  resulting  two-phase  system 
has  unequal  voltages.     This  may  be  corrected,  however,  if  the 
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FiQ.  206. — Scott  or  T-connection,  3-phase  to  2-phase. 


line  a  be  connected  to  point  ai  on  the  primary  of  the  teaser  trans- 
former, the  point  ai  being  such  that  dai  represents  86.6  per  cent, 
of  the  total  winding  of  the  teaser  transformer,  as  shown  in  Fig. 
206  (6).  This  will  increase  the  volts  per  turn  in  the  ratio  of  100 
to  86.6  and  will  raise  the  secondary  voltage  a  corresponding 
amount.  Therefore,  a  symmetrical  two-phase,  three-wire  sys- 
tem results.  By  tying  the  middle  points  of  the  secondaries 
together,  a  symmetrical  quarter-phase,  four-  or  five-wire  system 
may  be  obtained,  as  shown  in  Fig.  207. 

In  any  of  the  foregoing  connections,  d  is  not  the  neutral  of  the 
primary,  as  it  is  not  the  center,  of  gravity  of  the  voltages.    The 
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94.  Coostani-ciicreiit  Ttmstotmcis, — T\»  txaxisfcanaiM^  hex^ 
tofore  considered  are  ccmstant  potential  tran^onnei^;  that  i$« 
the  secondary  vcdtage  remains  substantially  constant  am)  a 
change  of  load  is  accompanied  by  a  corre$pondui|t  change  of 
current.  There  are  instances  where  a  constant  cwnrtHt  h  detsire^i 
the  most  commcMi  being  series  street  lighting.  It  will  be  recalled! 
that  constant  direct  current  is  obtained  from  a  series  generator. 
Ck>nstant  alternating  current  is  ordinarily  obtained  from  a  con* 
stant  current  or  "tub"  transformer. 

The  construction  of  the  transformer  is  such  that  the  primary 
and  the  secondary  can  move  with  respect  to  each  other.  Tht> 
primary  coil  may  be  fixed  and  the  secondary  may  move  or  the 
secondary  coil  may  be  fixed  and  the  primary  may  move.  Both 
types  are  found  in  practice.  Figure  208  shows  a  transformer  in 
which  the  primary  is  stationary  and  the  secondary  is  movable. 
The  load  consists  of  a  number  of  lamps  connected  in  series.  The 
secondary  is  suspended  from  a  lever  which  is  counter-weighted. 
A  dashpot  is  provided  to  prevent  rapid  fluctuations  in  the  posi- 
tion of  the  moving  coil. 

The  operation  of  the  transformer  is  as  follows:  Assume  that  the 
secondary  coil  is  "floating";  that  is,  it  is  free  to  move  either  up  or 
down  and  is  delivering  a  certain  current  to  a  series  load.    The 
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currents  in  the  primary  and  aeeondary  Sow  in  oppoote  direc- 
tions (Fig.  209).  Therefore,  there  ia  Tepvlaion  between  the 
two  coils.  Assume  that  the  load  changes,  for  ezam|^  it  de- 
This  change  of  load  would  be  produced  by  dunrt-arctat- 


Fia.  20S. — ConitADt'CuiTeDt  traiuformer. 


171^  one  or  more  lamps,  causing  a  decrease  in  the  load  resistance. 
Because  of  the  decreased  load  resistance,  first  the  secondary 
and  then  the  primary  current  tends  to  increase.  This  increases 
the  repelling  force  between  the  two  coils,  resulting  in  the  secon- 
dary moving  further  away  from  the  primary.  The  leakage  flux 
between  the  two  coils  is  thus  increased 
and  this  reduces  the  secondary  induced 
,  volte.  The  secondary  coil  will  move 
away  from  the  primary  until  the 
secondary  current  ia  again  at  its 
normal  value.  The  action  of  such  a 
transformer  depends  on  the  change 
in  leakage  flux  of  both  primary  and 
secondary,  as  is  shown  in  Fig,  209. 
Because  of  its  large  proportionate 
leakage  flux  this  type  of  transformer  has  a  very  low  power- 
factor  except  at  or  near  its  maximum  load.  This  is  one  objec- 
tion to  it«  use. 
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Magnetite  ares  require  a  imi-direetional  current  for  their  proper 
operation.  (See  Chap.  XIII,  page  431,  Par.  196.)  In  order  to 
obtain  this  current  economically  by  the  use  of  the  constant-cur- 
rent transformer,  mercury-arc  rectifiers  are  used  in  connection 
with  the  transformer.  Ordinarily  two  rectifier  tubes  are  con- 
nected in  series.  The  diagram  of  connections  for  a  single  recti- 
fier tube  is  shown  in  Fig.  210.     The  mercury  arc  has  the  property 
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FiQ.  210. — Constant-current  transformer  and  mercury-arc  rectifier. 

of  allowing  current  to  pass  in  but  one  direction.  When  current 
tends  to  pass  in  the  opposite  direction  the  mercury  vapor  acts 
like  a  valve  and  prevents  its  flow.  If  there  were  but  one  circuit 
through  the  rectifier  the  negative  half  of  the  wave  would  be 
eliminated  and  the  result  would  be  a  number  of  disconnected 
waves,  as  shown  in  Fig.  211  (a).  The  rectifier  would  not  oper- 
ate \mder  these  conditions  as  the  arc  would  go  out  between 
waves  and  would  fail  to  re-establish  itself.  By  using  two  anodes, 
a  succession  of  connected  waves,  Fig.  211    (6),  is   obtained. 
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M.  Sl«etrie«l  Meaattrenieiita  at  Hi|^  Vcrflagea. — It  is  not 

ummWy  prtU'A'iv,fi,hh  to  connect  instrumentB  or  meters  directly 
Ui  hl^h-volfA^ft  circijit«,  Unlei»  the  bigh-voltage  circuit  is 
ft,f(niiuM  t%i  tb^  inMtnjmontu,  they  may  be  subjected  to  high- 
V(yli^K^  Mtrfiwif!»  Ui  ground.  This  makes  it  dangerous  for  anyone 
Ui  mu\^  in  cAiuiM'i  with  the  switchboard  apparatus.  Further, 
\mit\umu\A  tm<?ofrie  inaccurate  when  connected  directly  to  high 
V(?li«r|(^,  iiftCtttiwi  of  the  electrostatic  forces  which  act  on  the 
Indl^milnjc  element.  Hpecially  designed  instruments  may  be  so 
ecitmtniefed  that  they  can  be  connected  directly  to  high-voltage 
elffMilifx,  btit  theNe  InNtrnments  are  usually  expensive  and  are  not 
Nttlfable  for  notnmorcial  work. 


Bbf  xsmanm  at  inHtnimtHit  xaaastamaa^  inBtztuneins^  amy  b^ 

aeBozaffieiv^  rim  isuiueaii^  vtdiaipF,  power,  <jtc  in  tiii»  hi|$^ultttg^ 
drnnit  MbiBaveE:  \am^^niiam  ui«raimm»  bavins  j»u»iw*i 
<nii!!aaiL  rinii  vaitai^  nmxei^  may^  bn  ii»3%t  tor  :)I1  bigjb<ytrit2)g!i^ 
♦grmiiufc  iLLeaytsetivg  of  tiie  volta^  :imi  ^mrrfmc  n^diitii^  Qt  tih) 

ML  Urtwilirf  TbanfiBBUBB^ — FbtemaaL  tanunstonneR^  ^  mH 
(MKTixiii&eiiBQ^fiTinLtJiJ&iRn^ 

cfiBBQBBEcL  (SBOEFptr  tjittii  tJxesT  piiwer  i::&aixic  i^  ^mmil*  B^Hi/w  3vCMl^ 
vrdis  di^-  are  nBaaOy  aaHsoofed  ^mi  :ib«^v^  thit^^  tbt^y  :im  ut^UdQ^ 
aS-eaaiiecL  ti&e  ail  bcmg:  used  more  mr  tts^  <&» IiH;mc  i^usilitai^  tjihjusf 
for  (SQoGiue  pmrpmsesw.    JL$  ossix  imstinmieiitsi^  ^fid  :ji»ttt^(:iisis^  |hI$^ 


Fbs.  212. — C»  of  potiBttsI  tESHfooMr  ool  s  l^JdN^^T^  tdft^i^^-^lWw^  v^ift^jWil 

lights  &re  eonihected  to  their  seeoKKbrie^  $ik)i  trtMe^^lKvn^viif^fi^ 
OTviiDJuihr  biTe  ntiiies  of  from  40  to  30O  watls^  Ttv^  K>w^<^«b:$k>^ 
side  B  aJmosI  ahrays  wound  for  110  Toh$  and  ihi^  r^tk^  i»  ihi^ 
det^mined  by  the  rating  of  the  h%h-voh;^(e  win^tu^t^  FVvr 
example,  a  13;200-Toh  potmtial  transformer  w\hiK)  h^iivi^  ^ 
ratio  of  13,200  110  =  120:1.  The  Kitio  oJf  luru^  u»,v  vw^y  ^ 
per  cent,  or  so  frcHn  this  Tahie  to  allow  for  lhi>  tr$ax$f\>n)^r  iu>^ 
pedanoe  drop  under  load.  f%ure  312  ^f^ow;^^  ^  $impk^  KHM\i¥iH^ 
tion  tor  measuring  vcdtage  in  a  13,200-'Voit  cirtniit  by  nve^vj^  of 
a  potential  transformer.  The  secondar>'  ^s^ould  alw^yj*  W 
grounded  at  one  pcnnt  to  eliminate  "static"  from  the  instruwveut 
and  further  to  insure  safety  to  the  operator.  Figure  316  sAow^ 
a  potential  transformer  used  in  conjunction  with  a  current  t^nMX»• 
former  for  measuring  power  by  means  of  a  wattmeter. 

97.  Current  Ttansformers. — ^To  avoid  connecting  alternatuxg* 
current  ammeters  and  the  current  coils  of  other  instruments 
directly  in  high-voltage  lines,  current  transformers  are  use^i.     In 
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addition  to  insulating  the  instruments  from  high-voltage^  they 
step  down  the  current  in  a  known  ratio.  This  enables  a  lower- 
range  ammeter  to  be  used  than  would  ordinarily  be  required  if 
the  instrument  were  connected  directly  into  the  primary  line. 
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Fig.  213. — Connections  for  a  series  or  current  transformer  on  a  13,200-volt 

circuit. 

The  current  or  series  transformer  has  a  primary,  usually  of 
few  turns,  wound  on  a  core  and  connected  in  series  with  the  line, 
Fig.  213.  When  the  primary  has  a  large  current  rating,  it  may 
consist  of  a  straight  conductor  passing  through  the  center  of  a 
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Fio.  214. — Construction  of  one  type  of  current  transformer. 

hollow  core,  as  shown  in  Fig.  214.  The  secondary,  consisting 
of  several  turns,  is  wound  around  the  laminated  core.  The  ratio 
of  current  transformation  is  approximately  the  inverse  ratio  of 
turns.    For  example,  if  the  primary  has  two  turns  and  the  sec- 
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The  secondaries  of  practically  all  current  transformers  are 
rated  at  5  amp.,  regardless  of  the  primary  current  rating.  For 
exam^Je,  a  2,000-amp.  current  transformer  has  a  ratio  of  400:1 
and  a  60-amp.  transformer  has  a  ratio  of  12:1. 

The  current  transformer  differs  from  the  ordinary  constant- 
potential  transformer  in  that  its  primary  current  is  determined 
entirely  by  the  load  on  the  system  and  not  by  its  own  secondary 
load.  If  its  secondary  becomes  open-circuited,  a  high  voltage 
will  exist  across  the  secondary  because  the  large  ratio  of 
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Deoondary  to  primary  turns  causes  the  transfonner  to  act  as  a 
8tep-up  transformer.  Also,  since  the  coimter  ampere-turns  of 
the  secondary  no  longer  exist,  the  flux  in  the  core,  instead 
of  being  due  to  the  difference  of  the  primary  and  secondary 
ampere-turns,  will  now  be  due  to  the  total  primary  ampere- 
turns  acting  alone.  This  means  a  very  large  increase  in  the 
flux,  causing  excessive  core  losses  and  heating,  as  well  as  a  high 
voltage  across  the  secondary  terminals. 
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FiQ.  216. — Tsrpical  oonnectioDS  of  insfnunent  transformers  and  instruments  for 

single-phase  measurements. 

Therefore,  a  current  transformer  shoiUd  always  have  its  secondary 
short^rcuited. 

Figiu^  216  shows  the  method  of  connecting  a  typical  instru- 
ment load,  through  instrument  transformers,  to  a  high-voltage 
line.  The  load  on  the  instnmient  transformers  includes  an  am- 
meter, a  voltmeter,  a  wattmeter  and  a  watthour  meter.  Each 
secondary  is  grounded  at  one  point.  C!orrection  for  ratio  of 
transformation  must  be  applied  to  all  the  instnmient  readings, 
the  wattmeter  and  watthour  meter  involving  the  ratio  of  both 
the  current  and  the  potential  transformers.  Usually  in  perma- 
nent installations,  as  on  switchboards,  the  instrument  scales 
themselves  are  so  marked  as  to  take  into  consideration  these 
ratios.    Therefore,  the  primary  power  may  be  read  directly. 
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THE  INDUCTION  MOTOR 

98.  Principle. — The  induction  motor  is  the  most  widely  used 
type  of  alternating-current  motor.  This  is  due  to  its  ruggedness 
and  simplicity,  to  the  absence  of  a  commutator,  and  to  the  fact 
that  its  operating  characteristics  are  well  adapted  to  constant- 
speed  work. 
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Fio.  217. — Rotation  of  metal  disc  produced  by  rotating  magnet. 

The  principle  of  the  motor  may  be  illustrated  as  follows:  A 
metal  disc,  Fig.  217  (a),  is  free  to  turn  upon  a  vertical  axis.  The 
disc  may  be  of  any  conducting  material,  such  as  iron,  copper,  or 
aluminum.  A  magnet,  free  to  rotate  on  the  same  axis  as  the 
disc,  is  placed  above  the  disc  and  its  ends  are  bent  down  so  that 
its  magnetic  flux  cuts  through  the  disc.  When  this  magnet  is 
rotated,  the  magnetic  lines  cut  the  disc  and  induce  currents  in  it, 
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as  shown  in  the  figure.  As  these  currents  find  themsehres  in  a 
magnetic  field,  they  tend  to  move  across  this  fidd,  just  as  the 
currents  in  the  conductors  of  a  direct-current  motor  tend  to  mofve 
across  its  magnetic  field.  By  Lenz^s  law,  the  direction  ci  the 
force  developed  between  these  currents  in  the  disc  and  the 
magnetic  field  producing  them  will  be  such  that  the  disc  tends 
to  follow  the  magnet,  as  shown  in  the  figure. 

To  illustrate  this  more  in  detail,  consider  Fig.  217  (a) ,  (5) ,  and  (c) . 
In  (a),  the  north  pole  of  the  rotating  magnet  is  shown  as  moving 
in  a  counter-clockwise  direction.  The  conductor  beneath  the 
magnet  also  moves  in  a  counter-clockwise  direction,  but  more 
slowly  than  the  magnet.  Therefore,  the  relative  motion  between 
the  magnet  and  the  conductor  is  the  same  as  if  the  magnet  were 
fUaiionary  and  the  conductor  moved  in  the  clockwise  direction. 
This  relative  motion  of  the  magnet  and  the  conductor  is  illus- 
trated in  Fig.  217  (b),  where  the  north  pole  is  shown  as  being 
stationary  and  the  conductor  is  moving  from  right  to  left. 
Applying  Fleming's  right-hand  rule  (see  Vol.  I,  page  218),  the 
direction  of  the  induced  current  is  toward  the  observer.  The 
lines  of  force  about  the  conductor,  due  to  its  own  current,  are 
therefore  counter-clockwise  and  the  resultant  field  is  found  by 
combining  the  conductor  field  and  the  field  produced  by  the 
magnet.  The  appearance  of  this  resultant  field  is  shown  in  Fig. 
217  (c)  (also  see  Vol.  I,  page  309).  As  the  magnetic  field  is  in- 
creased in  intensity  to  the  left  of  the  conductor  and  reduced  in 
intensity  to  the  right  of  the  conductor,  there  is  a  force  developed 
which  urges  this  conductor  from  l^t  to  right.  That  is,  the  con- 
ductor tends  to  follow  the  magnet.  Actually,  the  magnet  rotates 
in  a  counter-clockwise  direction.  Therefore,  the  disc  rotates  in 
the  same  direction  but  at  a  speed  less  than  that  of  the  magnet. 

The  disc  can  never  attain  the  speed  of  the  magnet,  for  were  it 
to  attain  this  speed,  there  would  be  no  relative  motion  of  the 
disc  and  the  magnet  and,  therefore,  no  cutting  of  the  disc  by  the 
magnetic  flux.  The  disc  current  would  then  become  zero  and 
no  torque  would  be  developed,  which  would  result  in  the  disc 
speed  becoming  less  than  that  of  the  magnet.  Because  the  disc 
can  not  attain  the  speed  of  the  magnet,  there  must  always  exist 
a  difference  of  speed  between  the  two.  This  difference  of  speed  is 
called  the  revolutions  slip. 
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It  is  to  be  noted  that  the  currents  in  the  disc  or  armature  of  this 
type  of  motor  are  induced  therein,  rather  than  being  conducted 
into  the  armature  as  in  the  ordinary  direct^current  motor. 

A  cylinder  may  be  need  instead  of  the  disc,  as  shown  in  Fig.  218. 
In  the  hgure  are  shown  four  poles,  the  magnetic  lines  of 
which  cut  the  cylinder.  If  the  frame  carrying  these  poles  be 
revolved  by  mechanical  means,  the  currents  induced  in  the 
cylinder  will  cause  the  cyhnder  to  rotate  in  the  same  direction 
as  that  of  the  rotating  frame.    This  cylinder  is  more  representa- 


Fia.  218. — Rotation  of  ooaducting  cylinder  due  to  induced  ourrente. 


tive  of  the  commercial  induction  motor  than  the  disc  is,  although 
both  operate  on  the  same  principle, 

99.  The  Alternating-current  Rotating  Field. — The  rotating 
fields  described  in  the  previous  paragraph  were  produced  by 
rotating  the  magnetic  poles  mechanically.  This  is  practically 
the  same  as  the  rotating  poles  of  an  alternator  field.  Rotating 
magnetic  fields  may,  however,  be  produced  by  sending  polyphase 
currents  through  polyphase  windings,  such  as  alternator  wind- 
ings. Such  rotating  fields  are  produced  entirely  by  electrical 
means,  there  being  no  mechanical  rotation  of  the  pole  pieces 
themselves. 
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The  simplest  type  of  rotatii^  field  is  that  produced  by  the 
gramme-ring  winding  illustrated  in  Fig.  219.    A  gramme  rii^, 


wound  for  two-phase  currents,  has  two  separate  windii^,  one 
for  each  phase.    Each  winding  consists  of  two  sections  located 
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diametrically  opposite  each  other  and  each  section  occupies 
approximately  one-fourth  the  winding  space  of  the  ring.  The 
two  windings  are  called  the  A-phase  and  the  B-phase,  respectively. 
Care  must  be  taken  to  connect  the  two  sections  of  each  winding 
correctly,  the  correct  method  being  shown  in  Fig.  219. 

Curves  I  a  and  Is  show  the  variation  with  time  of  the  currents 
in  phases  A  and  B,  respectively.  As  these  are  two-phase  cur- 
rents, they  differ  in  time-phase  by  90°  or  one-fourth  of  a  cycle. 

At  the  instant  marked  (1),  the  current  in  phase  A  is  zero  and 
that  in  JS  is  negative  maximum.  With  the  method  of  connecting 
the  windings,  and  the  direction  of  the  currents  as  shown,  two 
S-poles  are  formed  on  the  upper  ends  of  the  B-windings  and  two 
N-poles  on  the  lower  ends.  These  four  poles  combine  into  two 
poles,  a  single  S-pole  and  a  single  N-pole,  each  of  these  last  being 
twice  the  magnitude  of  the  individual  poles  which  combined  to 
form  them.  The  resultant  field  is  vertical  and  is  directed 
upwards,  as  indicated  by  the  arrow  F  beneath  diagram  (1).  In 
(2)  the  current  in  B  is  still  negative,  but  of  lesser  magnitude  than 
in  (1).  The  current  in  A  has  increased  positively  until  its  mag- 
nitude is  equal  to  that  of  JS.  Two  S-poles  and  two  N-poles 
again  combine  to  form  a  single  S-pole  and  a  single  N-pole,  each 
of  double  the  magnitude  of  the  individual  poles  forming  them. 
The  direction  of  the  resulting  field  is  45°  clockwise  from  its 
position  in  (1).  It  is  to  be  noted  that  while  the  two  currents 
are  passing  through  45  electrical  time-degrees,  the  resulting 
field  in  the  gramme  ring  advances  45  space-degrees.  Diagrams 
(3),  (4),  (5),  (6),  (7),  and  (8)  show  at  different  instants  the  posi- 
tions of  the  gramme-ring  field  resulting  from  the  combined  mag- 
netic effects  of  phases  A  and  JS.  The  diagram  for  (9)  would  be 
identical  with  that  for  (1).  The  rotating  magnetic  field  has 
passed  through  360  space-degrees  while  the  two-phase  currents 
have  gone  through  360  electrical  time-degrees  or  one  cycle.  This 
constitutes  a  two-pole  rotating  field  and  its  speed  in  revolutions 
per  second  is  the  same  as  the  frequency,  or  the  cycles  per  second, 
of  the  currents.  For  example,  if  the  currents  had  a  frequency 
of  60  cycles  per  second,  the  field  would  make  60  revolutions  per 
second,  or  3,600  r.p.m. 

The  gramme-ring  winding  need  not  consist  necessarily  of  the 
two  separate  windings  shown  in  Fig.  219,  but  may  be  a  mesh-con- 
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nected  winding,  as  shown  in  Fig.  220.  This  is  virtually  a 
continuous  winding  tapped  at  four  equi-distant  points.  Two  of 
the  diametrically  opposite  taps  are  connected  to  phase  A  and 
the  other  two  are  connected  to  phase  B. 


Pbi  leZ? 


Fig.  220.  —  Two-pole,  mesh- 
connected,  gramme-ring  winding 
for  a  2-pha8e  circuit. 


Fig.  221. — Four-pole,  mesh-con- 
nected, gramme-ring  winding  for  a 
2-pha8e  circuit. 


Figure  221  shows  a  four-pole,  mesh-connected  winding.  This 
is  similar  to  that  of  Fig.  220,  but  is  tapped  at  eight  equi-distant 
points.  Two  diametrically  opposite  taps  are  connected  to  one 
line  of  phase  A  and  the  two  taps  at  right  angles  to  these  are 
connected  to  the  other  line  of  phase  A.  Another  similar  set  of 
taps,  displaced  45°  from  the  A-taps,  connect  in  like  manner  to 
phase  B,  In  such  a  winding,  the  rotating  field  completes  one 
revolution  during  two  complete  cycles  of  the  current;  therefore  its 
angular  speed  is  one-half  that  of  the  field  in  the  two-pole  machine. 
Figure  222  shows  the  manner  of  connecting  a  three-phase  cir- 
cuit to  a  gramme-ring  mesh-  or  delta-connected  winding.    Each 

of  three  equi-distant  taps  is  connected 
to  one  of  the  three  lines  of  the  three- 
phase  supply.  This  winding  pro- 
duces a  two-pole  field. whose  speed 
in  revolutions  per  second  is  the  same 
as  the  frequency  of  the  supply. 

Fig.  222.  —  Delta-connected,         ^^  ^^  ^  ^^  ^^  ^^^^  ^^  ^^^^  of  ^^^ 

2-poie,  gramme-ring  winding  for  foregoing  windings,  the  angle  between 
a    p  ase  circui .  ^^  various  windings  expressed  in  elec- 

trical space-degrees,  is  the  same  as  the  time-angles  between  the 
respective  currents  in  the  windings,  (lu  a  two-pole  machine  one 
electrical  space-degree  equals  one  space-degree;  in  a  four-pole 
machine  two  electrical  space-degrees  equal  one  space-degree,  etc.) 


3«Phaie 

Supply 
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100.  Rotatmg  Fidds  in  Dmrn-womid  Machines, — Tbe  com- 
mercial polyphase  induction  motor  consists  erf  a  fixed  membor 
called  the  dolor,  carrying  a  polyphase  dram  winding  Gike  that 
of  an  alternator),  and  a  rotating  member  called  the  armature  or 
rotor.  As  the  stator  usually  receives  the  power  from  the  line  it  is 
called  the  primary,  and  as  induced  currents  flow  in  the  rotor,  it  is 
called  the  secondary,  just  as  in  the  transformer.  The  motor  ¥rill 
operate,  howeva*,  if  power  is  supplied  to  the  rotor  and  the  stator 
acts  as  secondary.  Stator  windings  are  the  same  as  alternator 
windings  for  the  same  number  of  phases  and  poles.     In  fact,  the 


Fig.  223. — Sin^e-layer,  4-poIe.  2-phase  induction-motor  winding,  lap-connected. 

ordinary  alternator  winding  is  eotirely  satisfactory  for  an  induc- 
tion-motor winding. 

Figure  223.  shows  a  single4ayer,  drum  winding  for  the  two- 
phase,  four-pole,  induction  motor  stator  shown  in  Fig.  224.  In 
this  machine  there  are  six  slots  per  pole  or  three  slots  per  pole 
per  phase.     Only  the  one  phase.  A,  is  shown  connected. 

Figure  224  shows  a  section  of  this  two-phase  induction  motor, 
taken  perpendicular  to  its  shaft.  It  is  woimd  with  the  two- 
phase,  four-pole  winding,  shown  in  Fig.  223.  The  time  variation 
of  the  two-phase  currents,  I  a  and  Ib,  is  also  shown. 

At  instant  (1),  the  current  I  a  is  zero  and  Ib  is  negative  maxi- 
mum.   By  applying  the  corkscrew  rule  for  det-ermining  the 
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relation  of  magnetic  flux  to  the  current  producing  it,  four  poles 
are  formed  in  the  etator,  two  N-poles  in  the  vertical  plane  and 
two  S-poleB  in  the  horizontal  plane.  At  instant  (2)  the  current 
/j  is  positive,  and  Ib  is  negative  and  of  the  same  polarity  as  in 


7^        1         Ua     1 
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^  M\li 

H^ 

Pia.  224. — Production  of  rotating  (ietd  by  2-phase 


a  4-pole  windlns. 


(1).  The  resulting  N-  and  S-poles  are  again  determined  by  the 
corkscrew  rule  and  it  will  be  observed  that  these  two  poles  have 
advanced  22.5  space-degrees  in  a  clockwise  direction,  whereas  the 
currents  have  undergone  a  change  corresponding  to  45  electrical 
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time-d^rees.  Positioiis  (3),  (4)  and  (5)  are  taken  at  time-d^T^ees 
90, 135,and  180  6t  the  two  currents.  Between  points  (1)  and  (5), 
the  rotating  fidd  has  advanced  onhr  90  space-degrees,  whereas 
the  currents  have  passed  through  180  time-degrees.  Therefore, 
the  speed  of  this  rotating  field  in  revolutions  per  second  is  one- 
half  the  frequency  of  the  supply  in  cycles  per  second. 

The  N-  and  S-^)oles  which  are  produced  by  the  stator  rotate 
in  the  air-gap  and  cut  the  rotor  or  armature  conductors,  in- 
ducing currents  in  them.  These  currents,  reacting  with  these 
stator  poles,  produce  rotation 
of  the  armature,  just  as  in 
Fig.  217,  the  induced  currents 
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in  the  disc  and  the  flux  pro- 
ducing them  react  and  cause 
the  disc  to  rotate. 

Figure  225  shows  a  single- 
layer,  three-phase,  four-pole, 
lap  winding  adapted  to  a 
machine  having  nine  slots  per 
pole  or  three  slots  per  pole 
per  phase.     This  winding  is 

very  similar  to  that  of  Fig.  Fig,  225.— Sinsle-layer,  4-pole,  3-pha8e, 
223    and    is    used    in    the    in-     mductioiMnotor  winding;  Up-connected. 

duction  motor  shown  in  Fig.  226.  For  simplicity,  but  one  phase, 
A,  is  shown  connected,  the  other  two  phases,  B  and  C,  being 
connected  in  a  manner  similar  to  A. 

Figure  226  shows  foiu*  successive  positions  of  the  rotating  field, 
for  corresponding  values  of  the  polyphase  currents  in  the  stator  of 
this  three-phase  induction  motor.  In  (1)  the  current  I  a  is  zero, 
so  that  Ib  and  Ic  are  opposite  and  equal.  The  position  of  the 
field  is  shown  at  this  instant.  In  (2)  the  currents  I  a  and  Ic 
are  but  half  their  maximum  positive  values  and  their  positions 
on  the  stator  are  such  that  their  phase  belts  are  on  each  side  of 
B-belt  in  which  the  current  is  a  maximum.  Therefore,  the 
field  is  symmetrical  at  this  position. 

It  will  be  noted  also  that  the  time-angle  between  successive 
values  of  current  in  1-2-3  is  30  electrical-degrees,  whereas  the 
field  advances  but  15  space-degrees  between  (1)  and  (2)  and  also 
between  (2)  and  (3).     Between  positions  (1)  and  (4)  the  currents 
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have  advacced  90  electrical  time-degrees,  but  the  rotating  field 
has  advanced  only  45  space-degrees.  That  is,  the  advance  of  the 
rotating  field  in  space-degrees  is  equal  to  one-haH  the  advance 
of  the  cuiTcnta  in  electrical  time-degrees.  Therefore,  the  speed 
of  such  a  field  in  revolutions  per  second  is  equal  to  one-half  the 
circuit  frequency  in  cycles  per  second. 

In  general  it  may  be  staled  that  in  order  to  produce  a  two-pole 
rotating  field,   the  angular  space-degrees  between    the  phase  belU 


a  4-pole,  inductioii- 


of  Ike  winding  must  be  the  same  as  the  electrical  time-degrees  between 
their  respective  currents.  If  the  machine  has  p  poles,  the  angular 
space-degrees  between  phase  belts  is  2/p  times  the  electrical 
time-degrees  between  their  respective  currents.  For  example, 
in  a  six-pole,  three-phase  machine,  the  successive  phase  belts 
start  40°  from  each  other,  that  is,  ^^  X  120°  or  40°.  In  the 
ordinary  drum  windings,  however,  (see  Chap.  V,  pages  108  and 
109,  Figs.  Ill  and  112),  the  coil-sides  lap  back  so  that  in  the 
above  example  the  reversed  phase  belts  would  be  20°  apart.  The 
currents  in  such  adjacent  belts  are  60"  apart,  as  shown  in  Fig.  226. 
To  reverse  the  direction  of  rotation  of  a  two-phase,  rotating  field, 
reverse  the  leads  of  either  phase;  to  reverse  the  direction  of  rotar 
tion  of  a  three-phase  rotating  field,  interchange  any  two  leads. 
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101.  Synchronous  Speed ;  Slip. — It  has  just  been  shown  that 
the  angular  si>eed  of  an  alternating-current  rotating  field  depends 
upon  two  factors,  the  frequency  of  the  current  and  the  number 
of  poles  for  which  the  machine  is  wound.  The  relation  between 
speed,  frequency  and  poles  is  given  by  the  following  equation: 

N  =  >^  (63) 

where  N  is  the  speed  of  the  field  in  revolutions  per  minute,  / 
the  frequency  in  cycles  per  second  and  P  the  number  of  poles 
(see  equation  (2),  page  7).  This  speed,  JV,  of  the  rotating 
field,  is  called  the  synchronous  speed  of  the  motor.  The  common 
synchronous  speeds  for  commercial  motors  at  25  and  at  60 
cycles  per  second  are  as  follows: 


'/^l^\< 

r.p.m. 

=  N 

uie: 

V  =  25 

/  =  60 

2 

1,500 

3,600 

4 

750 

1,800 

6 

500 

1,200 

8 

375 

900 

12 

250 

600 

Slip. — If  an  armature  whose  conductors  form  closed  circuits 
be  placed  in  a  rotating  field,  it  will  develop  torque  because  of  the 
induced  currents,  actmg  in  conjunction  with  the  rotating  mag- 
netic  field. 

As  has  already  been  pointed  out,  the  armature  can  never 
attain  the  speed  of  the  rotating  field,  for  if  it  did,  the  cutting  of 
conductors  by  flux  would  cease,  there  would  be  no  rotor  current 
and,  therefore,  no  torque. 

The  difiference  between  the  speed  of  the  rotating  field  and  that 
of  the  rotor  is  called  the  revolutions  slip  of  the  motor.    For 
example,  if  the  rotor  of  a  four-pole,  60-cycle  motor  has  a  speed 
of  1,730  r.p.m.,  its  revolutions  slip  is  1,800  —  1,730  =  70  r.p.m., 
where  1,800  r.p.m.  is  its  synchronous  speed. 

It  is  more  convenient  to  express  the  sUp  as  a  fraction  of  the 
synchronous  speed.  Denote  the  speed  of  the  rotor  by  Nt  and 
the  synchronous  speed  by  N.    Then  the  sUp 
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For  example,  the  slip  in  the  above  motor  is 

1,800  -1,730         70         n  rtoo      o  o 

"   — 17800 — =Y^ob'^^'^^^^^^- 

The  rotor  speed  is 

\t  =  .V(l  -  9)  (from  equation  M)  (65) 

The  full-load  slip  in  commercial  motors  varies  from  1  to  10 
per  cent.,  depending  upon  the  size  and  the  type  of  motor. 

102.  Rotor  Frequency  and  Induced  Emf . — If  the  rotor  <rf  a 
two-pole,  60-cycle  motor  is  at  standstill  and  voltage  is  ap|died  to 
the  stator,  each  rotor  conductor  will  be  cut  by  a  north  pole  60 
times  per  second  and  by  a  south  pole  60  times  per  second,  as  this 
is  the  speed  of  the  rotating  field.  If  the  stator  be  wound  for 
four  poles,  the  speed  of  the  rotating  field  is  halved,  but  each 
conductor  is  then  cut  by  two  north  and  two  south  poles  per 
revolution  of  the  field  and  therefore  bv  60  north  and  60  south 
poles  per  second,  the  same  as  in  the  two-pole  motor.  Conse- 
quently, the  frequency  of  the  rotor  currents  at  standstill  («  = 
1.0)  will  be  the  same  as  the  stator  frequency.  This  holds  true 
for  any  number  of  poles.  At  standstill  the  motor  is  a  simple 
static  transformer,  the  stator  being  the  primary  and  the  rotor 
being  the  secondary. 

If  the  rotor  of  the  above  60-cycle  motor  revolves  at  half  speed 
in  the  direction  of  the  rotating  field  («  =  0.5),  the  rotor  con- 
ductors are  cut  by  just  one-half  as  many  north  and  south  poles 
per  second  as  when  standing  still  and  the  frequency  of  the  rotor 
currents  is  therefore  30  cycles  per  second. 

By  taking  other  rotor  speeds,  it  can  be  shown  that  the  rotor 
frequency 

A  =  8f  (66) 

where  /2  is  the  rotor  frequency,  «  the  slip,  and  /  the  stator  fre- 
quency. The  rotor  frequency  is  equal  to  the  stator  frequency 
multiplied  by  the  slip. 

Example. — What  is  the  frequency  of  the  currents  in  the  rotor  of  a  60-cycle, 
six-pole  induction  motor,  if  the  rotor  speed  is  1,164  r.p.m. 
The  synchronous  speed 

60  ^  120 
N  «  — -  1,200  r.p.m.         (Equation  63,  page  235) 
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The  slip 

1,200  -  1,164       ^  ^ 

«    =» :J3r —  -  0  03 

1,200 

ft  =0.03X60  =  1.8  cycles  per  second.  Ans, 

The  rotor  frequency  has  a  very  important  bearing  on  the 
operating  characteristics  of  the  induction  motor. 

The  induction  motor  can  be  used  as  a  frequency  changer, 
provided  the  rotor  is  driven  mechanically  at  the  proper  speed. 
Current  is  taken  from  the  rotor,  or  secondary,  through  slip-rings. 
Under  these  conditions,  some  of  the  power  is  supplied  electrically 
and  some  mechanically. 

103.  Alternating-current  Torque. — It  has  already  been  pointed 
out,  in  connection  with  the  direct-current  motor,  that  the  torque 
is  proportional  to  the  current  and  to  the  density  of  the  magnetic 
field  in  which  the  current  finds  itself.  This  same  law  holds  for 
alternating-current  motors,  provided  the  instantaneous  values 
of  current  and  flux  are  considered. 

Figure  227  (a)  shows  the  space  distribution  of  flux  from  one 
north  pole  as  it  glides  along  the  air-gap  of  an  induction  motor. 
This  flux  is  distributed  sinusoidally  along  the  air-gap,  as  is  shown 
by  the  flux-distribution  curve,  0,  Fig.  227  (6). 

K  the  slip  be  small,  the  reactance  of  the  rotor  conductors  is  low 
because  ft  =  «/  and  x'j  =  2t fJLt,  where  /  is  the  stator  frequency, 
x^2  is  the  rotor  reactance  at  slip  8,  and  Lt  is  the  rotor  inductance. 
Because  of  the  rotor  reactance  the  rotor  current  lags  the  induced 
emf .  of  the  rotor  by  an  angle  a.  At  low  values  of  slip,  this  angle 
a  is  very  small,  since  tan  a=  TnrfsLt/Rt,  where  Rt  is  the  rotor 
resistance. 

The  induced  emf.  in  any  single  conductor,  /centimeters  in 
length,  in  a  field  having  a  density  of  B  gausses,  the  conductor 
moving  at  a  velocity  of  v  centimeters  per  second  with  respect  to 
the  field,  is  6  =  Blv  lO""®  volts,  the  flux,  the  conductor  and  the 
velocity  being  mutually  perpendicular  (see  Vol.  I,  page  217, 
equation  93).  Therefore,  when  a  conductor  is  cutting  flux  at  a 
uniform  velocity,  the  flux  being  sinusoidally  or  otherwise  dis- 
tributed in  space,  the  emf.  in  the  conductor  is  zero  when  it  is 
moving  in  a  region  where  JS,  the  flux  density,  is  zero;  the  emf. 
is  a  maximum  when  the  conductor  is  moving  in  a  region  where 
B,  the  flux  density,  is  a  maximum.     As  the  emf.  e,  is  propor- 


238  ALTERNATING  CURRENTS 

tional  to  fi  at  every  instant,  if  n  is  constant,  e  will  be  a  maxi- 
mum when  B  is  a  maximimi,  etc.  Therefore,  it  may  be  eaid  that 
e,  the  emf-  per  conductor,  is  in  space-phase  with  the  flux.  It 
further  follows  that  the  wave  shape  of  the  emf.  in  a  single  con- 
dudor  is  the  same  as  the  shape  of  the  space-distribution  curve 
of  the  flux. 


(i)  Siwce  dlaCrlbut 

when  In  space- phssB  witb  esch  ol 

Fio.  227. — Alternating-cmrent  torque  when  ci 


space-phase. 


At  small  values  of  slip,  the  angle  a,  between  the  induced  emf. 
in  each  conductor  and  the  current  in  the  conductor,  is  small  and 
therefore  the  current  in  each  of  the  conductors.  Fig.  227  (o)  is 
practically  in  phase  with  its  induced  emf.     As  the  induced  emf. 
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is  a  maximum  when  the  conductor  is  in  the  field  of  greatest  fiux 
density,  the  current  will  be  a  maximum  at  practically  the  same 
instant.  The  current  is  then  in  time-phase  with  the  emf.  and 
hence  in  space-phase  with  the  flux.  Under  these  conditions  the 
current  in  the  particular  conductor  which  is  under  the  center 
of  the  pole,  Fig.  227  (a),  is  a  maximum,  and  that  in  the  other 
conductors  is  less,  decreasing  sinusoidally  as  indicated. 

Figure  227  (6)  shows  both  the  flux  distribution  in  the  gap  and 
the  current  distribution  in  the  conductors  of  Fig.  227  (a),  the 
current  in  each  conductor  being  proportional  to  the  flux  density 
of  that  part  of  the  field  in  which  the  conductor  finds  itself. 
(For  simpUcity  a  smooth  current-distribution  curve  is  shown. 
This  would  hold  true  only  with  a  uniform  metal  sheet  about  the 
rotor).  The  force  acting  on  each  conductor  is  proportional  to 
its  current  and  to  the  flux  density  of  that  part  of  the  field  in  which 
the  conductor  finds  itself  (see  Vol.  I,  page  310,  equation  106). 
The  force  due  to  each  conductor.  Fig.  227  (a),  is  indicated  in 
direction  by  an  arrow  attached  to  that  conductor.  The  torque 
curve  is  obtained  by  taking  the  product  of  the  current  and  flux  at 
each  point,  multiplied  by  a  constant.  The  torque  curve  for  the 
conductor  belt  shown  in  Fig.  227  (a)  is  given  in  Fig.  227  (6). 
This  curve  is  obtained  by  multiplying  the  current  at  each  point 
by  the  flux  density  at  that  point.  That  is,  the  ordinate  of  the 
torque  curve,  at  any  point  Fig.  227  (6),  is  equal  to  the  product  of 
the  ordinates  of  the  flux  and  the  current  curves  at  that  point, 
multiplied  by  a  constant.  It  will  be  noted  that  this  torque  curve 
is  of  double  frequency,  that  it  is  always  positive,  reaches  zero 
twice  every  cycle,  and  is  similar  to  the  power  curve  of  page  22, 
Fig.  19. 

As  the  value  of  the  slip  increases,  the  reactance  of  the  rotor 
increases,  the  reactance  being  proportional  to  the  rotor  frequency 
and  hence  to  the  slip,  and  the  angle  a  by  which  the  current 
lags  its  induced  emf.  increases,  since  tan  a  =  2'KJdjilRi,  The 
current  in  any  conductor  will  not  reach  its  maximum  value  until 
a  time-degrees  after  the  induced  emf.  has  reached  its  maximum 
value.  In  the  interval  between  the  time  when  the  induced  emf. 
reaches  its  maximum  and  the  current  reaches  its  maximum,  the 
maximum  point  of  the  flux  wave  has  moved  along  by  the  con- 
ductor by  a  electrical  space-degrees,  as  shown  in  Fig.  228  (a).  As 
a  result,  some  conductors,  as  a.  Fig.  228  (a),  find  themselves  in  a 
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tirtnal  to  S  at  every  instant,  if  v  is  constant,  e  will 
mtiin  when  B  ia  a  maximum,  etc.  Therefore,  it  may  1 
p;  the  onif.  prr  conductor,  is  in  space-phase  with  tl 
furthrr  follows  that  the  wave  shape  of  the  emf.  in  c 
rliidor  is  tlir  same  as  the  shape  of  the  spacc-diHtribi 
of  tho  flux. 
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point  of  view,  as  the  rotor  conductors  have  no  opportunity  to 
work  loose. 


— OverhuDK-slot  atator  showiDg  how  ends  of  coils  are  taped  into  slots. 


The  stator  slots  in  nearly  all  induction  motors  of  small  size, 
Fig.  230,  are  of  the  senu-^sloaed  type  Lke  those  shown  in  the 
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Fio    231  — Stator  and  rotor  ilots  of  squuTel-cagB  induction  motor 

rotor  of  Fig.  231.    If  open  slots  are  used,  magnetic  wedges  are 
employed  so  as  to  give  the  effect  of  semi-closed  slots.    In  the 
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lai^r  sizes  of  motor,  open  slots  are  often  used  for  the  stator, 
as  shown  in  Fig.  231,  because  of  the  expense  and  difficulty  of 
placing  the  winding  in  semi-closed  slots,  and  also  because  the 
necessity  for  semi-closed  slots  is  usually  less  in  the  larger  motors. 
That  is,  in  the  large,  higher-sx)eed  motors  the  pole-pitch  is  large 
and  therefore  the  ampere-conductors  per  pole  is  large.  Conse- 
quently, the  desired  flux  density  in  the  gap  may  be  readily  ob- 
tained without  an  excessive  magnetizing  current,  even  if  open 
slots  are  used. 

In  practically  all  motors  of  the  squirrel-cage  type,  the  slots 
of  the  rotor  are  semi-closed,  as  there  is  little  difficulty  encountered 
in  placing  the  rotor  bars  in  this  type  of  slot. 

The  advantage  of  the  semi-closed  slot  is  that  the  efifective 
sectional  area  of  the  air-gap  is  increased  and  the  magnetizing 
current  is  therefore  reduced.  Semi-closed  slots  reduce  the  pulsa- 
tions of  flux  in  the  individual  teeth,  and  therefore  reduce  the 
tooth  losses,  which  otherwise  might  be  serious.  On  the  other 
hand,  the  semi-closed  slot  gives  a  much  higher  slot  inductance 
than  the  open  slot  and  this  inductance  in  the  stator  and  in  the 
rotor  lowers  the  power-factor  and  decreases  the  starting  and  the 
break-down  torques  of  the  motor. 

105.  Operating  Characteristics  of  the  Squirrel-cage  Motor. — 
The  squirrel-cage  motor,  like  the  direct-current  shunt  motor, 
operates  at  substantially  constant  speed.  As  the  rotor  cannot 
reach  the  speed  of  the  rotating  magnetic  field,  it  must  at  aU 
times  operate  with  a  certain  amount  of  slip.  At  no  load  the  slip 
is  very  small.  As  load  is  applied  to  the  rotor,  more  rotor  current 
is  required  to  develop  the  necessary  torque  in  order  to  carry  the 
increased  load.  Consequently,  the  rotating  magnetic  field 
must  cut  the  rotor  conductors  at  an  increased  rat«,  in  order  to 
producfe  the  necessary  increase  of  current.  The  slip  of  the  rotor 
must  accordingly  increase,  so  that  the  rotor  speed  drops.  The 
ratio  of  the  slip  to  the  toted  power  delivered  to  the  rotor  is  proportional 
to  the  PR  loss  in  the  rotor.  As  the  resistance  of  the  squirrel 
cage  is  very  low,  the  PR  loss  is  low  and,  therefore,  the  slip  for 
ordinary  loads  is  small.  In  large  motors,  50  hp.  or  greater,  the 
slip  is  of  the  order  of  1  to  2  per  cent,  at  full  load.  In  the 
smaller  sizes  of  motor,  the  slip  may  be  as  high  as  8  to  10  per  cent, 
at  full  load. 
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Figure  232  shows  the  ordinary  characteristic  curves  of  a  10- 
bp.  squirrel-cage  motor.     It  will  be  noted  that  the  torque,  spee^ 
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Fio.  232. — Operating  charscteristics  of  a  squirrel-cage  induction  motor. 

and  efficiency  curves  are  very  similar  to  those  of  a  shunt  motor. 

The  power-factor  increases  with  the  load  for  the  following  reason : 
At  no  load   the  motor  takes  a  current  /o,  (Fig.   233).     Zo 

is  mostly  magnetizing  current,  although  there  is  a  small 
enei^y  component  necessary  to 
supply  the  no-load  losses.  The 
power-factor  at  no  load  is  cos  dg, 
the  value  of  which  may  be  a^  low 
as  0.10  to  0.15.  The  back  electro- 
motive force  of  the  motor  remains 
nearly  constant  from  no  load  to  full 
load.  Therefore,  the  flux  must  re- 
main substantially  constant,  just  as 
it  does  in  the  transformer,  so  that 
the    magnetizing  current  changes 

but  slightly  from  no  load  to  full  load.    As  load  is  applied  to  the 

motor,  an  enei^  current  /[  is  required  to  carry  the  load.     This 


/J 

^4a 

1  /„   ^1 

li 

TBE  INDLCTIOS  MOTOR  245 

current,  when  combined  with  7o,  gives  the  total  current  7i  at 
this  load,  and  the  resulting  power-factor  is  cos  ^i.  As  the  load 
increases,  an  energy  current  1%  is  required.  The  total  current 
then  becomes  It  and  the  corresponding  power-factor  becomes 
cos  Bt,  It  will  be  observed  that  the  power-factor  angle  decreases 
and  therefore  the  power-factor  increases  as  the  load  on  the  motor 
increases.  The  increased  reactance  drops  in  the  stator  and  in 
the  rotor  with  increase  of  load  tend  to  oppose  this  increase  of 
power-factor  and  when  the  load  exceeds  a  certain  value  may  even 
bring  about  a  decrease  of  power-factor. 

As  the  power-factor  increases,  a  smaller  increase  of  current 
is  required  for  a  given  increase  of  load  than  would  be  necessary 
if  the  power-factor  were  constant.  Therefore,  the  current  in- 
creases more  slowly  than  the  load  as  shown  in  Fig.  232.  At  first 
the  eflSciency  increases  rapidly  and  reaches  a  maximum  value 
for  the  same  reason  that  it  does  in  other  electrical  apparatus. 
At  all  loads  there  are  certain  fixed  losses,  such  as  core  loss,  fric- 
tion and  windage.  In  addition  there  are  the  load  losses  {PR) 
which  increase  nearly  as  the  square  of  the  load.  Therefore,  at 
light  loads  the  efficiency  is  low  because  the  fixed  losses  are  large 
as  compared  with  the  input.  As  the  load  increases,  the  efficiency 
increases  to  a  maximum,  the  fixed  and  variable  losses  being  equal 
at  this  point.  Beyond  this  point  the  PR  losses  become  rela- 
tively large,  causing  the  efficiency  to  decrease. 

One  disadvantage  of  the  squirrel-cage  motor  lies  in  the  fact 
that  it  takes  a  very  large  current  at  low  power-factor  on  starting, 
and  in  spite  of  this  large  current  it  develops  but  little  torque. 
When  the  motor  is  at  standstill,  the  squirrel  cage  acts  as  the 
short-circuited  secondary  of  a  transformer,  causing  the  motor  to 
take  an  excessive  current  on  starting,  if  full  voltage  is  applied. 

Figure  234  shows  the  variation  of  torque  with  slip  for  two 
different  values  of  line  voltage.  It  will  be  noted  that  for  small 
values  of  slip  up  to  and  beyond  full  load,  which  is  the  ordinary 
range  of  operation,  the  torque  is  substantially  proportional  to 
the  slip.  At  higher  values  of  slip,  however,  the  torque  ciuve 
bends  over  and  finally  reaches  a  maximum.  This  maximum  is 
called  the  break-dovm  torque.  Beyond  this  maximum  point  the 
torque  decreases  as  the  slip  increases.  For  most  types  of  load 
this  is  a  point  of  instability,  as  an  increase  in  load  is  accompanied 
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by  an  increase  in  slip,  and  therefore,  by  a  decrease  in  torque: 
As  the  motor  now  develops  a  decreased  torque  with  an  increased 
load  it  must  come  to  a  standstill,  unless  the  load  is  removed.  At 
standstill  (s=  1.0),  the  torque  is  comparatively  small. 

The  underlying  cause  of  this  small  starting  torque  is  the 
reactance  of  the  stator  and  of  the  rotor.  The  rotor  reactance  is 
proportional  to  the  rotor  frequency  (xi  =  2TrfJLi^,  The  rotor 
frequency  f^  is  proportional  to  the  slip.  As  the  rotor  slip  in- 
creases, the  rotor  reactance  increases,  proportionately,  whereas 
the  resistance  does  not  change  materially.  The  effect  of  this 
increased  reactance  is  to  produce  a  greater  phase  difference  be- 
tween the  rotor  currents  and  their  induced  voltages  (tan  d  = 
X2/R2)*     As  these  currents  at  the  same  time  differ  in  space- 
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Fig.  234. — Slip- torque  curves  for  squirrel-cage  motor. 


phase  with  the  flux,  less  torque  per  ampere  is  developed  (see 
Par.  103).  In  fact  the  current  and  the  flux  may  get  so  far  out 
of  space-phase  with  each  other  that,  even  with  four  or  five  times 
the  rated  current,  only  a  small  fraction  of  the  full-load  torque  is 
developed.  It  can  be  shown  that  the  break-down  torque  of  an 
induction  motor  is  decreased  by  an  increase  in  the  rotor  react- 
ance {x2  =  27r/L2)  where  X2  is  the  rotor  reactance  at  standstill. 
Therefore,  it  is  desirable  that  the  rotor  reactance,  X2,  and  hence 
rotor  inductance,  be  as  low  as  possible  (see  page  247,  equation  67). 
It  can  also  be  shown  that  the  torque  of  an  induction  motor  for  a 
given  slip  is  proportional  to  the  square  of  the  line  voltage.  If  the 
line  voltage  is  halved  the  flux  is  halved,  neglecting  the  stator 
impedance  drop,  and  the  rotor  current  for  a  given  value  of  slip 
is  halved.     Therefore,  the  torque  is  quartered,  the  torque  being 
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proportional  to  the  current  times  the  flux,  other  factors  remain- 
ing constant.  In  general,  it  may  be  said  that  the  torque 'for  a 
given  slip  is  proportional  to  the  square  of  the  line  voltage.  For 
this  reason  a  10  per  cent,  drop  in  voltage  may  cause  a  19  per 
cent,  reduction  in  the  break-down  and  starting  torques.  The 
effect  of  line  voltage  upon  torque  is  shown  in  Fig.  234,  the  torque 
at  one-half  line  voltage  being  one-quarter  the  torque  at  full-Une 
voltage  for  each  value  of  slip. 

The  stator  impedance  also  reduces  the  break-down  torque. 
A  high  stator  impedance  means  a  comparatively  large  impedance 
drop  in  the  stator  for  a  given  current.  This  decreases  the  back 
emf.,  E,  hence  the  air-gap  flux  becomes  less,  and  therefore  the 
value  of  the  rotor  current  at  any  given  slip  is  reduced.  This 
results  in  a  reduction  of  torque  for  each  value  of  slip. 

The  effect  of  each  of  these  various  factors  upon  the  break-down 
torque  is  shown  in  the  following  equation: 
The  break-down  torque 

KV^ 

^--  "  rx  +  Vri^  +  (X,  +  x.y  ^^^^ 

where  K  is  constant,  V  is  the  terminal  voltage,  r\  is  the  stator 
resistance,  Xi  is  the  stator  reactance,  and  x%  is  the  rotor  reactance 
at  standstill. 

The  above  equation  shows  that: 

The  break-down  torque  is  proportional  to  the  square  of  the  line 
voltage. 

The  break-down  torque  is  reduced  by  an  increase  in  the  stator 
resistance,  and  by  an  increase  in  the  stator  and  rotor  reactances. 

The  break-down  torque  is  independent  of  the  rotor  resistance. 

The  stator  and  rotor  reactances  are  proportional  to  the  fre- 
quency and  to  their  respective  inductances.  Therefore,  it  is 
desirable  that  the  stator  and  the  rotor  inductances  be  kept  low 
and  that  the  frequency  be  not  too  high. 

As  the  squirrel-cage  motor  is  ordinarily  started  at  low  voltage, 
it  develops  but  little  starting  torque,  because  the  flux  is  small  and 
the  rotor  currents  are  considerably  out  of  space-phase  with  the 
dux. 

It  is  desirable  that  the  stator  and  rotor  inductances  be  as  low 
as  possible.     This  is  accomplished  by  having  the  slots  partially 
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open  and  thereby  retlucing  the  value  per  ampete  <rf  the  leak- 
age flux  which  links  the  individual  couductora.  Oidiiiaiify  it  is 
not  desirable  chat  the  slots  be  entirely  open,  aa  this  increases  the 
relui'tance  of  the  air-gap  and  more  maipietiziiig  cuireirt  is  re- 
(jiiirt'd.  This  in  turn  reduces  the  powcr-i' actor.  .AJso  with  open 
•iiots  the  tooth  Ios!<es  may  become  excesave.  particulaiiy  in,  lat^ 
motors.  The  rotor-slot  design  is  actually  a  comprDmise  amODC 
these  conflicting  factons. 

Because  of  the  lower  reactance  accompanying  a  lower  fre- 
quency, a  25-cycie  motor  will  in  general  have  greater  startinfc 


— Westlnalii 


torque  and  break-down  torque  than  a  60-cycle  motor.  On  the 
other  hand,  the  niagoetizing  current  in  general  is  higfan-.  because 
uf  the  higher  flux  densities  employed  in  the  25-rycle  <ieaign. 

Because  of  its  low  rotor  resistance,  the  squirrel-cage  motor  has 
(■xcellent  operating  characteristica  for  eonstant-apeed  work. 
L'he  slip  is  small  and  the  speed  regulation  ia  good.  In  addition. 
the  motor  is  simple,  rugged,  and  requires  but  little  attention. 
Some  of  its  fields  of  application  are  in  machine  shope,  in  wood- 
ttorkiug  shops,  in  cement  mills,  in  textile  mills;  in  fact  it  ia  used 
in  most  cases  where  the  load  requires  constant  speed  with  bttt 
little  starting  torque.     Figure  235  abows  U>e  appUeation  of  snail 
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Fig.  236. — Switcliine 


wben  motor  is  cennected  directiy  across  luM 
at  startmc- 


Figure  236  shows  the  connectioiis  (rften  used  for  the  smaUei^ 
sized  motors  where  special  starting  devices  are  not  required. 
A  double-throw  switch,  when  in  the  starting  position*  puts  the 
motor  in  series  with  three  high-capacity  fuses,  one  in  each  line. 
Because  of  the  action  of  a  spring,  the  switch  can  make  contact 
on  this  side  only  while  it  is  held  in  position.  When  the  switch  is 
thrown  to  the  running  position,  the  current  is  suppUed  through 
three  fuses  designed  to  carry  only  the  safe  operating  current  of 
the  motor.  This  gives  the  motor  over-load  protection  that 
would  not  otherwise  be  obtained  if  fuses  suflSciently  large  to 
carry  the  starting  current  were  used  during  normal  operation. 
Resistances  (carbon  rods  or  other  tjT)es)  are  sometimes  inserted 
in  the  starting  circuit  to  limit  the  starting  current.     Also,  high- 
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oapacit/y    fuses  at  the  motor  are  sometimes  omitted^  the  line 
fuses  gi'VT.ng  the  required  protection  at  starting. 

As  t»Vi^  squirrel-cage  motor  at  starting  is  equivalent  to  a  short- 
circuit»ecl    transformer,   it  is  necessary  to  reduce  the  starting 
current;   in  the  larger  sizes.     One  simple  method  (Fig.  237)  is  to 
use  a  delta-connected  motor.     By  means  of  a  triple-pole,  double- 
throw^    (T.-P.  D.-T.)  switch  the  windings  are  first  thrown  in  Y 
across    the  line,  thus  applying  only  l\/3  or  58  per  cent,  of  the 
norma.1  voltage  to  each  coil.     This  makes  the  line  current  one- 
third  the  value  it  would  have  if  the  motor  were  directly  across 
the  lixie.    When  the  motor  has  attained  sufficient  speed,  the  switch 
is  thrown  over,  connecting  the  motor  in  delta  across  the  line. 


(a)  starting  (6)  Running 

FiQ.  237. — The  Y-delta  method  of  starting  an  induction  motor. 

The  most  common  method  of  starting  the  squirrel-cage  motor, 
however,   is  to  use  an  auto-starter  or  starting-compensator, 
similar  to  those  shown  in  Figs.  238  and  239.     In  the  General 
Electric  compensator  shown  in  Fig.  238,  the  three  coils  of  a 
three-phase  auto-transformer  are  connected  in   Y.    When  the 
switch  is  in  the  starting  position,  the  compensator  is  connected- 
across  the  line  with  only  the  Une  fuses  for  protection.     Under 
these  conditions  the  three  motor  lines  are  connected  to  three 
taps,  one  in  each  phase  of  the  auto-transformer.    Hence  the 
motor  voltage  is  reduced,  usually  to  one-fourth  or  to  one-half 
its  rated  value.     When  the  switch  is  in  the  running  position,  the 
compensator  is  entirely  disconnected  from  the  line  and  the  motor 
is  connected  directly  across  the  Une  through  the  running  fuses. 
In  Fig.  238  the  heavy  Unes  show  the  path  of  the  current  when 
the  compensator  is  in  the  running  position.     It  should  be  re- 
membered that  a  compensator  supplying  a  motor  with  half 
voltage  reduces  the  line  current  to  one-fourth  its  normal  value. 
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The  motor  hang  at  half  voh^ge  takes  oDe-half  the  correiit  th&t 
it  wDuld  take  if  directly  anaixs  the  Hue.  As  this  curreDt  is  sup- 
plied by  the  BBocmdaiy  of  a  2:1  tnn^orraer,  the  liiie  cuireot  ie 
bat  half  the  motor  cairait  and  is,  tbereftac,  ooe-f  oorth  the  eai- 


FiG.  238. — GcDcnJ  £3ectnc  S-phaat  stMrtin^  eoropeitsMor. 


rent  th&t  would  have  been  taken  had  the  motor  been  directly 
across  the  line. 

It  IB  DOt  oeoesBuy  to  use  a  three-coil  auto-ttas^ormer.     In 
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the  Westinghouse  starting  compenfiator,  two  coils  are  mounted 
on  the  two  outer  legs  of  a  transfonner  core,  Fig.  239  (a),  very 
similar  to  the  core  used  for  three-phase  core-type  transformera 
(see  page  205,  Fig.  194  (&)}.     On  starting,  these  two  coils  are 


Fia.  239. — V-conDected  startiiiK  compenBator. 

connected  in  V  across  the  line  and  two  motor  taps  are  taken  o£F 
as  shown  in  Fig,  239  (b).  The  motor  is  thus  supphed  at  a  re- 
duced three-phase  voltage.  When  the  starting  handle  is  placed 
in  the  running  position,  the  two  motor  taps  are  connected  directly 
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to  their  corresponding  lines.  Fig.  239  (c),  and  at  the  same  time 
the  compensator  is  entirely  disconnected  from  the  line.  One 
advantage  of  this  type  of  starter  is  that  it  can  be  readily  used 
on  two-phase  as  well  as  on  three-phase  circuits. 

Practically  all  starting  compensators  have  a  no-voltage  release 
as  indicated  in  Fig.  238.  When  the  line  voltage  decreases  to  a 
low  value,  a  solenoid  plunger  drops,  releasing  the  starting  handle 
which  springs  back  to  the  "off"  position. 

107.  The  Wound-rotor  Induction  Motor. — If  resistance  be 
introduced  in  the  rotor  circuit  of  an  induction  motor,  the  slip  for 
any  given  value  of  torque  will  increase. 

A  given  value  of  torque  requires  a  definite  value  of  flux  and  a 
definite  value  of  current.  The  flux  of  the  induction  motor  is 
practically  constant,  since  the  back  emf .  is  practically  constant. 
If  resistance  be  introduced  in  the  rotor  circuit,  the  rotor  impe- 
dance is  increased.  (At  slips  which  give  the  ordinary  values  of 
torque,  the  armature  reactance  is  small  as  compared  with  its 
resistance,  hence  the  armature  impedance  is  practically  all 
resistance.)  If  the  slip  remains  constant,  the  induced  emf.  of 
the  rotor  does  not  change.  The  armature  current,  which  is 
equal  to  this  emf.  divided  by  the  rotor  impedance,  decreases. 
The  torque  therefore  decreases. 

To  bring  the  torque  back  to  its  original  value,  the  armature 
current  must  be  increased.  To  increase  the  armature  current, 
the  armature  induced  emf.  must  increase.  Since  the  flux  is 
constant,  the  increase  in  the  induced  emf.  may  be  obtained  only 
by  this  flux  cutting  the  rotor  conductors  at  a  greater  rate. 
Therefore  for  a  given  value  of  torque,  the  slip  must  increase 
when  resistance  is  introduced  in  the  rotor  circuit. 

The  slip-torque  curve  will  be  changed  from  curve  (1)  to  curve 
(2),  Fig.  240.  It  will  be  noted  that  full-load  torque  is  obtained 
at  increased  values  of  slip  as  the  rotor  resistance  is  increased. 
The  value  of  the  maximum  or  break-down  torque  will  not  be 
affected,  but  the  point  of  maximmn  torque  moves  toward  the 
point  of  zero  speed,  (s  =  1.0.)  That  is,  the  maximum  torque 
occurs  at  a  greater  value  of  slip.  The  rotor  now  runs  at  reduced 
speed,  but  the  reduced  speed  is  obtained  at  the  expense  of  effi- 
ciency, for  the  rotor  PR  losses  are  increased. 

It  is  evident  that  speed  control  may  be  obtained  by  the  intro- 
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duction  of  resistance  in  the  rotor  circuit.  This  method  of  speed 
control  is  very  similar  to  the  armature-resistance  method  of 
speed  control  in  the  direct-current  motor  (see  Vol.  I,  page  339, 
Par.  222).  The  lowering  of  the  speed  is  accompanied  by  a 
material  lowering  of  the  efficiency  and  by  poor  speed  regulation. 


n  t*e  sUp-loTque 


of  inserting  redstnnce  in  rotor  circuit. 


The  electrical  efficiency  of  the  rotor  is  equal  to  the  ratio  of  actual 
speed  to  synchronous  speed.  For  example,  at  25  per  cent,  slip, 
the  rotor  efficiency  is  75  per  cent.  That  is,  of  the  power  trans- 
mitted across  the  air'^p,  25  per  cent,  is  lost  as  heat  in  the  rotor 
resistance.     The  other  75  per  cent,  is  converted  into  mechanical 


Fio,  241. — Wound  rotor  of  100  hp.,  440-volt  induction  raotor. 


power,  although  this  is  not  all  available  at  the  pulley,  because  of 
rotor  friction  and  core  losses. 

If  sufficient  resistance  be  introduced  in  the  rotor  circuit,  maxi- 
mum torque  may  be  made  to  occur  at  standstill,  as  shown  by 
curve  (3)  Fig.  240.    That  is,  break-down  torque  is  obtained  at 
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slardzi^  In  ordo-  to  obtain  br^ak-4k>wn  torque  at  starting^  the 
rotix-  resstance  per  phase^  r^,  siioaki  be  approximately  equal  to 
the  rotor  reactance  per  pliase  at  standstill^  x^ 

An  adjustable  re^^ance  cannot  be  readily  placed  in  the 
sqoirr^-cage  rotor^  so  that  three-phase  rotors  requiring  external 
resistance  are  usaaQy  wound  wther  two-phase  or  three-phase* 
The  two-phase  winding  may  be  connected  either  star  or  mesh 
and  the  three-|^iase  windings  may  be  connected  either  Y  or 
delta.  Such  rotor  windings  are  in  ever>'  wa>~  similar  to  stator 
windings.     The   three   «ids   of   the   three-phase   winding   are 


Fig.  242. — ConnectioDS  for  a  wound-rotor  inductioii  motor. 

brought  out  to  three  slip-rings,  as  shown  in  Figs.  241,  242,  and 
243.  Brushes,  bearing  on  each  of  these  three  rings.  Fig.  242. 
connect  to  Y-connected  external  resistances,  usually  through  a 
controller.  The  entire  resistance  of  each  phase  is  in  circuit  on 
starting.  This  causes  the  rotor  current  to  be  more  nearly  in 
space-phase  with  the  air-gap  flux,  so  that  a  large  torque  is  ob- 
tained with  a  moderate  value  of  cmrent.  In  addition  to  produc- 
ing a  very  good  starting  torque,  the  starting  current  of  the  motor 
does  not  greatly  exceed  the  rated  current.  As  the  motor  comes 
up  to  speed,  the  external  resistance  is  cut  out.  The  motor  then 
operates  on  curve  (1)  Fig.  240. 

Even  without  the  controller,  the  wound-rotor  type  of  motor  is 
more  expensive  than  the  squirrel-cage  motor,  due  to  the  greater 
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cost  of  winding  and  connecting  the  rotor  coils.  The  controller 
and  resistors  further  add  to  the  cost.  In  the  running  positioB, 
this  type  of  motor  has  a  greater  shp  than  the  ordinary  squirrel- 
cage  motor,  because  it  is  not  possible  to  secure  the  very  low 
resistance  obtainable  with  the  squirrel-cage  winding.  As  has 
been  pointed  out,  such  external  resistance  may  be  used  to  obtain 
speed  control  at  reduced  efficiency  and  with  poor  speed  regulation. 
Hence,  this  type  of  motor  has  better  starting  characteristics, 
but  poorer  running  characteristics  than  the  squirrel-cage  motor. 


FiQ.  243. — Slip-ring  induction  motor,  assembled. 

Wound-rotor  induction  motors  are  used  where  considerable 
starting  torque  is  required,  and  frequently  where  speed  adjust- 
ment is  desired.  Common  applications  of  this  type  of  motor  are 
in  cranes,  elevators,  pumps,  hoists,  railways,  calenders,  etc. 
Figure  244  shows  a  Westinghouse  l,20O-hp,,  580-r.p.m.,  wound- 
rotor  induction  motor  driving  a  Henry  A.  Worthington  centri- 
fugal pump  at  Minneapolis,  Minn. 

Another  recent  use  of  these  wound-rotor  induction  motors  is 
in  the  electric  propulsion  of  battleships.  The  motors  are  con- 
nected directly  to  the  propeller  shafts.  Two  synchronous  speeds 
are  obtained  by  changing  the  number  of  poles.  Intermediate 
speeds  are  obtained  by  changing  the  frequency  bf  the  generator. 
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Where  a  rheostat  is  used  for  starting  duty  only,  the  rotor 
conductors  may  be  connected  to  resistance  grids  within  the 
rotor  itself.     Such  grids  can  be  short-circuited  by  copper  brushes 


p-!iS=5r;I,M!Ti 

' 

operated  by  pushing  a  rod  which  protrudes  from  the  center  of 
the  rotor  shaft.     Such  a  rotor  is  shown  in  Fig.  245.     This  type 


Fig.  245. — Hob*  ot  iaduction  motor  havine  staitiiiE  resistance  within  rotor. 


of  rotor  cannot  be  operated  with  the  grids  in  circuit  continuously 
because  of  the  difficulty  of  dissipating  the  heat  which  is  developed 
within  the  rotor. 
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108.  The  Induction-motor  Air-gap. — The  air-gaps  of  direct- 
current  generators  and  motors,  and  of  alternators,  are  much 
greater  than  is  necessary  for  mechanical  clearance.  This  is  due 
to  the  fact  that  with  too  short  an  air-gap,  the  effect  of  arma- 
ture reaction  becomes  too  gi'eat,  that  is,  the  field  is  relatively 
weak  as  compared  with  the  armature.  On  the  other  hand,  the 
air-gap  of  the  induction  motor  is  made  just  as  short  as  mechanical 
clearance  will  permit.  The  back  emf.  of  the  stator  varies  only  a 
few  per  cent,  from  no  load  to  full  load.  This  back  emf.  is  in- 
duced by  the  air-gap  flux  cutting  the  stator  conductors.  As  the 
speed  of  the  rotating  field  is  constant,  the  flux  in  the  gap  must 
be  substantially  constant  from  no  load  to  full  load.  Therefore, 
in  a  given  motor,  the  magnetizing  current  is  practically  constant 
at  all  loads.  If  the  length  of  the  air-gap  be  increased,  the  reluct- 
ance of  the  magnetic  circuit  is  also  increased.  As  the  back  emf. 
does  not  change  except  slightly,  the  flux  changes  also  but  slightly. 
Therefore,  with  a  fixed  flux  the  greater  air-gap  reluctance  will 
necessitate  a  greater  magnetizing  current.  This  increased  mag- 
netizing current  lowers  the  power-factor  (see  Fig.  233,  page  244). 

Large  slot  openings  increase  the  reluctance  of  the  air-gap  and 
so  lower  the  power-factor.  Therefore,  from  the  standpoint  of  the 
magnetizing  current  it  is  desirable  to  use  semi-closed  slots  or 
open  slots  with  magnetic  wedges.  The  disadvantage  of  closing 
the  slot  too  much  is  that  both  the  stator  and  the  rotor  induct- 
ances increase  and  the  break-down  and  starting  torques  are 
reduced  (see  page  247,  equation  67).  The  increase  of  inductance 
also  tends  to  lower  the  power-factor. 

The  small  mechanical  clearance  between  the  rotor  and  the 
stator  makes  it  necessary  to  have  a  heavier  shaft  and  heavier 
and  stiffer  bearings  in  the  induction  motor  than  are  required  in 
other  types  of  rotating  machinery  of  the  same  speed  and  size. 

109.  Speed  Control  of  Induction  Motors. — ^The  speed  of  the 

rotor  of  an  induction  motor  is  given  by 

/  X  120 
N2  =  — p —  (1  —  s)  (pages  235  and  236,,  equations  63  and  65) 

where  N2  is  the  rotor  speed  m  revolutions  per  minute,  /  is  the 
frequency  of  supply  in  cycles  per  second,  P  is  the  number  of  poles 
and  8  is  the  slip. 
Obviously,    there    are    three    factors,    frequency,    slip   and 
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number  of  poles  which  determine  the  speed  of  the  induction 
motor.  In  order  to  change  the  speed,  it  is  necessary  to  change 
at  least  one  of  these  factors. 

Changing  the  Slip. — ^The  slip  may  be  changed  by  introducing 
resistance  into  the  rotor  circuit.  This  has  already  been  dis- 
cussed in  connection  with  the  woimd-rotor  type  of  motor.  At 
a  given  sUp,  any  value  of  torque  up  to  the  break-down  torque  may 
be  obtained  by  this  method.  Its  disadvantages  are  lowered 
efficiency  and  poor  speed  regulation. 

These  disadvantages  may  be  avoided  by  introducing  counter 
emfs.  instead  of  resistance  into  the  rotor  circuit,  either  at  line 
frequency,  which  requires  that  the  rotor  have  a  commutator,  or 
by  means  of  an  auxiliary  commutating  machine  which  introduces 
coimter  emfs.  at  rotor  frequency  through  slip-rings.  This  last 
method  necessitates  the  use  of  a  conmiutating  type  of  machine 
which  produces  emfs.  at  rotor,  or  slip  frequency.  It  must 
therefore  be  excited  by  the  rotor  currents  themselves.  The 
Sherbius^  method  of  speed  control  is  the  most  common  example 
of  this  counter-electromotive  force  method.  ' 

When  a  current  flows  against  a  coimter-electromotive  force  in 
a  rotating  machine,  mechanical  power  is  developed.  This  occurs, 
for  exainple,  when  the  current  flows  against  the  counter-electro- 
motive force  in  a  direct-current  motor.  The  count/er-electro- 
motive  force  machine  accordingly  develops  mechanical  power, 
which  is  available  for  various  purposes.  UnUke  the  voltage 
drop  in  a  resistance,  the  counter-electromotive  force  is  practi- 
cally independent  of  the  current  (see  "Counter-electromotive 
Force  Cells,"  Vol.  I,  page  401).  Therefore,  a  motor  employing 
this  method  of  speed  control  has  good  speed  regulation  and 
efficiency. 

Figure  246  shows  the  connections  employed  in  obtaining  speed 
control  by  the  foregoing  method.  A  is  the  main  induction  motor 
having  a  slip-ring  rotor.  B  is  a  three-phase  commutator  motor  on 
whose  stator  are  shunt-field  windings  Fi,  F2,  and  Fs,  spaced  120 

1  "Theory  of  Speed  and  Power-factor  Control  of  Large  Induction  Motors 
by  Neutralized  Polyphase  Alternating-current  Commutator  Machines," 
by  John  I.  Hull,  Journal  of  the  A,  I.  E.  E,,  May,  1920. 

Also,  "Some  Methods  of  Obtaining  Adjustable  Speed  with  Electrically 
Driven  Rolling  Mills,"  by  K.  A.  Pauly,  General  Electric  Review,  May,  1921, 
page  422. 
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electrical  epace-degreea  apart.  The  rotor  or  armature  of  £  is 
wound  three-phase  and  the  coils  are  connected  to  a  commutator 
in  the  same  manner  as  they  are  in  a  direct-current  armature. 
The  three-phase  slip-ring  currents  of  the  main  motor  are  carried 
into  the  armature  of  B  through  the  brushes  and  commutator, 
the  brushes  being  spaced  120  electrical  space-degrees  apart  as 
shown.  Series  compensating  windings  Ci,  Ci  and  Ca  act  along 
their  respective  brush  axes  and  assist  commutation. 


Fig.  246. — Conaei^tionB  for  adjusting  speed  of  so  induction  motor  by  meni 
of  a  neutralized  throe-phajie  commutator  motor  connected  to  slip-rings  of  ii 
duction  motor. 


A  three-phase  auto-transformer  B  is  Y-connected  across  the 
slip-rings.  A  tap  on  each  phase  of  this  transformer  feeds  one 
of  the  shunt  fields  Fi,  Ft,  Ft,  the  shunt  fields  being  connected  in 


A  constant  speed  generator  G,  usually  of  the  induction  type,  is 
mechanically  connected  to  the  motor  B,  and  delivers  back  into 
the  line  the  power  received  from  the  motor. 
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A  detailed  analysis  of  the  operation  of  this  apparatus  involves 
a  somewhat  complicated  vector  diagram  and  is  beyond  the  scope 
of  this  book.  However,  it  can  be  shown  that  the  commutator 
motor  develops  an  electromotive  force  in  each  phase  which  is 
nearly  m  phase-opposition  to  its  respective  phase  current.  This 
emf.  is  practically  independent  of  the  slip,  if  the  speed  of  the 
commutator  motor  be  held  constant  by  its  load,  such  as  the 
generator  G.  Therefore,  neglecting  impedance  drops,  the  rotor 
of  the  main  motor  will  slip  imtil  its  emf.  is  equal  to  the  counter 
emf.  of  the  commutator  motor.  As  the  rotor  emf.  is  proportional 
to  the  sUp,  the  rotor  slip  will  be  constant  at  all  loads  if  the  impe- 
dance drops  be  neglected. 

When  a  current  flows  in  opposition  to  an  emf.  (as  in  a  direct- 
current  motor)  it  gives  up  energy.  Therefore,  the  current  de- 
Uvered  to  motor  B  gives  up  energy,  some  of  which  is  returned  to 
the  line  through  generator  G.  Ordinarily,  in  the  wound-rotor 
type  of  motor  this  energy  is  lost  in  heating  a  resistance.  The  fact 
that  this  coimter  emf.  is  constant  gives  the  motor  a  practically 
constant-speed  characteristic  for  any  one  adjustment.  Speed 
adjustments  are  made  by  changing  the  positions  of  the  taps  of 
the  auto-transformer  B.  Because  of  the  cost  of  two  extra 
machines,  this  method  has  been  but  little  employed  in  this 
country  except  in  the  very  large  units  used  in  steel  mills,  where 
the  method  is  now  coming  into  general  use. 

Change  of  Frequency. — Commercial  power  systems  operate  at 
constant  frequency  and  it  is  impossible  to  control  the  speed  of 
induction  motors  by  change  of  frequency  when  the  motors  take 
their  power  from  such  systems.  In  a  few  special  instances,  such 
as  in  the  electric  propulsion  of  battleships,  {general  Electric 
Review,  April  1919),  the  motors  are  the  only  loads  connected  to 
the  turbo-alternators.  Therefore,  it  is  possible  to  obtain  speed 
control  by  changing  the  speed  of  the  turbines  themselves. 
Even  here  the  range  of  speed  variation  is  limited,  because  the 
efficiency  of  turbines  decreases  very  rapidly  when  their  speed 
departs  from  the  speed  for  which  they  are  designed. 

Change  of  Poles, — By  means  of  a  suitable  switch,  the  stator 
connections  may  be  changed  in  such  a  manner  that  the  number 
of  poles  is  changed.  This  changes  the  synchronous  speed  of  the 
motor  and  therefore  the  speed  of  the  rotor.     If  the  poles  be 


262  ALTERNATING  CURRENTS 

changed  in  the  ratio  of  three  to  two,  the  winding  will  probably 
be  designed  for  %  pitch  at  the  higher  speed  making  it  a  fuU- 
pitch  winding  for  the  lower  speed.  In  such  a  motor  the  best 
possible  design  is  not  usually  obtainable  at  both  speeds.  That 
is,  desirable  characteristics,  such  as  high  power-factor,  etc.,  are 
sacrificed  at  one  speed  in  order  that  a  reasonably  good  motor 
may  be  obtained  at  the  other  speed.  Sometimes  the  stator 
connections  are  changed  from  delta  to  F  at  the  same  time  that 
the  pole  connections  are  changed.  This  changes  the  voltage 
per  phase  and  makes  possible  a  better  motor  at  each  speed. 
Because  of  the  complications  involved  in  changing  the  connec- 
tions, it  is  not  desirable  to  obtain  more  than  two  speeds  by  chang- 
ing the  number  of  poles.  To  avoid  these  complicated  switching 
connections,  induction  motors  sometimes  have  two  distinct 
windings,  the  two  windings  being  connected  for  a  different  num- 
ber of  poles.  The  7,500-hp.,  wound-rotor  induction  motors  used 
to  drive  the  electrically-propelled  battleship  Tennessee  have  this 
type  of  winding.  One  winding  is  connected  for  36  poles  and  the 
other  for  24  poles. 

In  the  electrically-propelled  battleship  New  MexicOy  the  motors 
are  direct-connected  to  the  propeller  shafts.  The  stators  can 
be  connected  for  24  poles  or  for  36  poles,  giving  a  speed  change 
of  three  to  two.  In  wound-rotor  types  of  motors  it  is  necessary 
to  change  the  rotor  as  well  as  the  stator  connections.  Otherwise 
negative  torque  will  be  developed  by  certain  of  the  rotor  con- 
ductor belts. 

/Speed  Control  by  Concatenation. — This  method  requires  two 
motors,  at  least  one  of  which  must  have  a  wound-rotor.  The 
speed  is  changed  by  changing  the  slip  of  one  motor,  which  changes 
the  frequency  supplied  to  the  other  motor.  The  two  rotors  are 
connected  rigidly  together  as  indicated  in  Fig.  247.  Line  fre- 
quency is  supplied  to  the  stator  of  one  motor,  as  No.  1,  Fig.  247. 
This  first  motor  should  have  a  one-to-one  ratio  of  transformation 
between  stator  and  rotor.  That  is,  at  standstill,  and  with  the 
external  circuit  of  the  rotor  open,  the  voltage  across  the  rotor 
slip-rings  should  be  equal  to  line  voltage.  Assume  that  the  two 
motors  are  similar  and  that  the  rotors  operate  at  slightly  less 
than  half  the  synchronous  speed  of  the  first  motor.  The  rotor 
frequency  of  No.  1  motor  is  slightly  greater  than  half  line  fre- 
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quency,  as  the  slip  is  slightly  greater  than  60  per  cent,  (see  page 
236,  equation  66).  Therefore,  the  synchronous  speed  of  No.  2 
motor  is  practically  half  that  of  No.  1  motor.  The  rotors  each 
operate  at  a  speed  which  is  slightly  less  than  half  the  synchron- 
ous speed  of  the  first  motor.  The  rotors  so  adjust  their  speeds 
that  their  combined  torque  is  just  sufficient  to  carry  the  load. 
It  is  not  necessary  that  the  two  motors  have  the  same 
number  of  poles.  The  various  speeds  for  combinations  in  which 
the  two  motors  have  a  different  number  of  poles  may  be 
determined  as  follows: 


Line 


y.  Connected 
Besistor 


Fig.  247. — Concatenation  of  induction  motors. 

Let  N  be  the  speed  of  the  combination,  /i  and  f^  the  stator 
frequencies.  Pi  and  P^  the  number  of  poles  and  si  and  S2  the  slips. 
The  speed  of  the  first  rotor 

Ni  =  -^—^ (1  —  Si)  (page  236,  from  equation  65) 


The  speed  of  the  second  rotor 


120 


IS  2  =  p (1  -  S2)  =  5 (1   —  S2) 

-r  2  i^2 

As  the  two  rotors  are  rigidly  coupled,  the  speed  Ni  equals  the 
speed  N2. 


P, 


from  which 


Sl  = 


Pl+Pi-  PlSi 

PiSi  is  very  small  in  comparison  with  Pi  +  Pj,  when  the  combina- 
tion is  operating  near  its  synchronous  speed,  and  it  may  be 
neglected.    Then 

P« 


Sl  = 


P*+Pi 


f69) 
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If  the  stator  of  the  second  motor  is  so  connected  that  its  rotor 
tends  to  turn  in  a  direction  opposite  to  that  of  the  rotor  of  the 
first  motor,  equation  (68)  becomes 

Again  neglecting  the  term  P1S2,  the  slip  becomes 

..  =  PT^,  (70) 

The  set  will  not  start  of  itself  if  connected  in  concatenation 
with  the  rotors  tending  to  turn  in  opposite  directions.  It 
must  first  be  brought  up  to  speed  either  by  an  auxiliary  motor 
or  by  one  motor  alone,  before  the  second  one  is  connected. 

As  an  example  of  the  speeds  obtainable  with  two  motors  hav- 
ing a  different  number  of  poles,  consider  two  60-cycle  motors, 
one  having  4  poles  and  the  other  20  poles.  The  following  syn- 
chronous speeds  are  obtainable: 

Four-pole  motor  alone:  1,800  r.p.m. 

Twenty-pole  motor  alone:  360  r.p.m. 

When  the  4-pole  and  20-pole  motors  are  in  concatenation, 
aiding,  the  slip  of  the  first  motor,  from  equation  (69), 

^       20      ^  20 
^'       20  +  4      24 

The  synchronous  speed  of  the  set  is 

iV  =  (1  -  si)  1,800  =  ^  1,800  =  300  r.p.m. 

When  the  4-pole  and  the  20-pole  motors  are  in  concatenation, 
opposing,  the  slip  of  the  first  motor,  from  equation  (70), 

^      20  20 

^'20-4       16 

The  synchronous  speed  of  the  set  is 

AT  =  (1  -  si)  1,800  =  -  ^  (1,800)  =  -  450  r.p.m.,  or  the  set 

now  rotates  in  the  opposite  direction. 

Four  different  synchronous  speeds  are  obtainable  with  these 
two  motors,  1,800  r.p.m.,  360  r.p.m.,  300  r.p.m.,  —450  r.p.m. 

It  is  to  be  noted  that  the  synchronous  speed  resulting  from 
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connecting  the  motors  in  concatenation  aiding  is  equal  to  that  of 
a  24-pole  motor,  or  a  motor  whose  poles  are  equal  in  number 
to  the  sum  of  the  poles  of  the  two  individual  motors.  When  the 
two  motors  are  connected  in  opposition,  the  resulting  synchron- 
ous speed  is  equal  to  that  of  a  16-pole  motor,  or  a  motor  whose 
poles  are  equal  in  number  to  the  difference  of  the  poles  of  the  two 
individual  motors. 

It  will  be  recognized  that  the  concatenation  method  of  speed- 
control  is  very  similar  to  the  series-parallel  method  of  speed 
control  for  direct-current  motors  (see  Vol.  I,  page  345,  Par.  223). 
In  concatenation,  at  starting  and  for  intermediate  speeds,  resist- 
ance is  introduced  in  the  rotor  circuit  of  the  second  motor. 
When  the  motors  are  connected  in  parallel  across  the  line,  resist- 
ance is  introduced  in  each  rotor  circuit  and  is  gradually  cut  out. 
Motors  operating  in  concatenation  are  used  abroad  to  some 
extent,  particularly  in  railway  work.  Because  of  its  rather 
complicated  connections,  this  system  of  speed-control  is  not  used 
to  any  extent  in  this  country. 

110.  The  Induction  Generator. — If  an  induction  motor  be 
driven  above  synchronous  speed,  the  slip  becomes  negative. 
The  rotor  conductors  then  cut  the  flux  of  the  rotating  field  in  a 
direction  opposite  to  that  which  occurs  when  the  machine  operates 
as  a  motor.  The  rotor  currents  are  then  reversed  with  respect 
to  the  direction  which  they  had  when  the  machine  operated  as  a 
motor.  By  transformer  action  these  rotor  currents  induce  cur- 
rents in  the  stator  which  are  substantially  180°  out  of  phase  with 
the  energy  component  of  the  stator  current  which  existed  when 
the  machine  operated  as  a  motor. 

The  induction  motor,  therefore,  can  be  used  as  a  generator, 
but  it  has  certain  Umitations  which  the  synchronous  alternator 
does  not  possess. 

The  machine  does  not  have  a  definite  speed  for  a  given  fre- 
quency as  the  synchronous  alternator  has,  but  the  speed  with 
constant  frequency  varies  with  the  load.  The  load  is  practically 
proportional  to  the  slip.  Because  its  speed  is  not  in  synchronism 
with  line  frequency,  the  machine  is  often  called  an  asynchronous 
generator.  The  frequency  and  voltage  of  the  induction  gen- 
erator are  that  of  the  line  to  which  it  is  connected,  irrespective  of 
its  speed. 
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An  alternator,  by  itself,  cannot  deliver  power  unless  its  field  is 
excited.  The  same  is  true  of  the  induction  generator.  The 
alternator  usually  receives  its  excitation  from  a  direct-current 
soiu'ce  or  its  equivalent  and  the  resulting  north  and  south  poles 
are  rotated  mechanically.  The  flux  in  the  induction  generator 
is  produced  by  the  polyphase  exciting  currents  in  the  stator  wind- 
ings and  the  resulting  north  and  south  poles  rotate  in  the  air  gap 
at  synchronous  speed.  The  currents  which  excite  these  north 
and  south  poles  come  from  the  line.  Therefore,  the  induction 
generator  does  not  receive  its  exciting  current  from  a  separate 
source,  but  from  the  same  Unes  that  conduct  away  the  energy 
that  it  generates.  The  induction  generator  cannot  generate  its 
own  exciting  current  but  the  exciting  current  mitst  be  supplied  by 
the  line.  For  this  reason  it  is  necessary  to  have  either  a  static 
condenser  or  synchronous  apparatus  in  parallel  with  the  induc- 
tion generator  for  supplying  its  excitation.  A  static  condenser, 
however,  is  seldom  practicable. 


■^v 


Generator  *'  «*»*'»' 

Fio.  248. — Vector  diagram  of  induction  motor  and  induction  generator. 

Moreover,  the  induction  generator  can  deUver  only  leading 
current.  If  a  load  requires  a  lagging  current,  a  synchronous 
machine  in  parallel  with  the  induction  generator  must  supply 
the  lagging  component  of  this  current. 

The  reason  for  this  is  as  follows: 

Let  F,  Fig.  248,  be  the  terminal  voltage  of  an  induction  ma- 
chine operating  as  motor.  The  counter  or  generated  electro- 
motive force  E  is  approximately  180®  from  V.  Let  lo  be  the 
quadrature  exciting  current  lagging  90°  behind  V  and  let  !'„,  be 
the  motor  energy  current.  The  total  current  taken  by  the  motor 
is  the  resultant  current  Im,  lagging  behind  V  (see  page  244,  Fig. 
233).  When  the  rotor  speed  is  increased  by  a  sufficient  amount, 
the  machine  passes  from  motor  to  generator  action.  The  mag- 
nitude and  the  phase  of  the  air-gap  flux  alter  by  only  a  slight 
amount  during  this  transition,  just  as  the  flux  of  a  shmit  motor 
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does  not  change  in  sign  and  changes  in  magnitude  by  only  a 
small  amount,  if  at  all,  when  the  machine  passes  from  motor  to 
generator  action  through  the  speeding  up  of  its  armature. 
Therefore,  the  exciting  current  7o,  which  produces  the  flux,  re- 
mains substantially  constant  in  both  magnitude  and  phase,  just 
as  the  exciting  current  of  a  shunt  motor  does  not  change  much 
when  the  machine  is  speeded  up  by  mechanical  means  so  that 
it  becomes  a  generator. 

However,  as  the  rotor  speeds  up,  it  cuts  the  flux  in  a  direction 
which  is  opposite  to  that  occurring  when  the  machine  operates 
as  a  motor;  that  is,  the  slip  becomes  negative.  Therefore,  the 
induced  electromotive  force  in  the  rotor  conductors  reverses  in 
sign,  as  has  already  been  pointed  out.  As  the  rotor  reactance  is 
very  low  at  these  low  values  of  slip,  the  currents  produced  in  the 
rotor  are  nearly  in  phase  with  their  induced  electromotive  forces 
and  they  flow  in  a  direction  opposite  to  that  which  they  had  as 
motor  currents.  These  induced  currents  react  on  the  primary  in 
the  same  manner  that  the  secondary  current  of  a  transformer 
reacts  on  the  primary.  As  a  result,  an  energy  current  7^,  180° 
from  the  motor  current  74,  is  induced  in  the  primary.  The 
currents  in  the  rotor  are  nearly  in  phase  with  the  induced  elec- 
tromotive force  of  the  rotor.  The  induced  electromotive  force 
of  the  stator  is  in  phase  with  the  rotor  electromotive  force.  The 
stator  ampere-turns,  excluding  the  effect  of  the  magnetizing  cur- 
rent, are  equal  and  opposite  to  the  secondary  or  rotor  ampere- 
turns.  These  stator  ampere-turns  are  represented  by  the  vector 
Vg  in  Fig.  248.  Since  the  rotor  ampere-turns  are  nearly  in  phase 
with  the  secondary -induced  electromotive  force,  the  opposite  and 
equal  primary  component  Ig  of  the  generator  current  must  be 
nearly  in  phase  with  that  component  of  the  primary  voltage  which 
balances  the  secondary  emf .  E,  and  the  generator  terminal  volt- 
age v.  In  the  vector  diagram  Ig  actually  leads  -B  by  a  small 
angle  which,  for  simpUcity,  is  neglected  in  Fig.  248.  Therefore, 
I'g  is  practically  all  energy  current.  For  any  particular  kilowatt 
load,  corresponding  to  the  energy  current  7J,  the  total  generator 
current  is  7^,  the  vector  sxun  of  Ig  and  7o.  Ig  is  a  leading  current, 
as  the  generator  terminal  voltage  V  is  nearly  in  phase  with  its 
induced  electromotive  force  E,  The  generator  phase  angle  B  is 
not  determined  by  the  load,  therefore,  but  by  the  generator  itself. 
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If  the  load  requires  a  lagging  current,  this  madhine  cannot 
supply  it.  This  is  illustrated  by  Fig.  249.  A  certain  load  re- 
quires a  current  7,  lagging  a  degrees  behind  the  terminal  voltage 
V.  It  is  desired  to  supply  as  much  of  this  current  as  possible 
by  means  of  an  induction  generator  and  to  allow  an  alternator 
to  supply  the  remainder.  Resolve  the  load  current  /  into  two 
components,  an  energy  component  t'l  and  a  lagging  quadrature 
component  t2.  The  induction  generator  can  by  proper  speed 
adjustment  supply  the  energy  current  f  i.  However,  its  leading 
exciting  current  /o  is  fixed,  as  has  already  been  demonstrated. 
Therefore,  Ig,  the  resultant  of  ?'i  and  /o,  is  the  total  induction 
generator  current  at  this  load. 

Obviously  the  alternator  must  supply  that  part  of  the  load 
current  which  the  induction  generator  cannot  supply.     That  is, 
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Fio.  249. — Currents  supplied  by  an  alternator  and  by  an  induction  generator 

in  parallel. 

the  alternator  must  supply  the  difference  between  the  load 
current  and  the  induction  generator  current.  To  obtain  the 
difference  between  two  vectors,  reverse  one  and  add  (page  12, 
Par.  7).  As  Ig  is  subtracted,  it  is  reversed  and  the  resulting 
alternator  current  is  /.,  which  is  equal  in  magnitude  to  the  arith- 
metical sum  of  t2  and  7o.  It  will  be  observed  that  the  alternator 
in  this  case  supplies  no  power.  Its  entire  current  is  lagging  quad- 
rature current  and  is  equal  to  the  exciting  current  of  the  induction 
generator  plus  the  lagging  qaadraiure  current  of  the  load. 

If  the  load  were  such  as  to  require  a  leading  current,  the  quad- 
rature component  of  which  was  just  equal  to  7o,  theoretically 
the  induction  generator  could  of  itself  supply  the  entire  load. 
Even  then  it  would  be  necessary  to  have  synchronous  apparatus 
on  the  system  to  secure  satisfactory  operation. 
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The  inability  of  the  induction  generator  to  deliver  lagging 
current  is  the  principal  objection  to  its  use.  Considerable  kv-a. 
in  synchronous  apparatus  is  required  to  supply  the  total  quad- 
rature current  required.  The  distinct  advantage  of  the  induc- 
tion generator  is  the  fact  that  it  does  not  hunt  or  drop  out  of 
synchronism;  it  is  simple  and  rugged,  and  when  short-circuited 
it  delivers  Uttle  or  no  power  because  its  excitation  at  once  becomes 
zero.  Its  principal  use  seems  to  be  in  the  development  of  small 
water  powers,  where  the  cost  of  attendance  would  prohibit  the 
use  of  synchronous  apparatus.  The  induction  generator  con- 
nected to  the  water  wheel  does  not  need  to  be  synchronized, 
requires  no  direct-ciurent  excitation,  and  does  not  fall  out  of  syn- 
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chronism.  It  deUvers  power  if  there  is  sufficient  water;  if  not, 
it  merely  runs  idle  as  an  induction  motor.  Such  machines  would 
feed  into  a  main  generating  station  located  in  the  vicinity  and 
so  could  be  under  the  occasional  inspection  of  an  operator. 

The  induction  generator  is  also  very  useful  for  braking  purposes 
in  railway  work.  If  the  induction  motors  be  left  connected 
across  the  line  on  a  down  grade,  any  tendency  of  the  train  to 
drive  them  above  synchronism  will  be  accompanied  by  generator 
action.  In  addition  to  braking  the  train,  the  generators  pump 
power  back  into  the  line  and  so  relieve  the  main  generating 
station  of  some  of  its  load.  The  machine  therefore  requires  no 
complicated    control    apparatus    when    used    for    regenerative 
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braking,  such  as  is  required  by  direct-ciirrent  motors  operatdng 
under  similar  conditions. 

Figure  250  shows  the  variation  of  current,  efficiency,  slip,  and 
torque  of  an  induction  machine  as  it  passes  from  motor  to  gen- 
erator. It  will  be  noted  that  the  current  does  not  pass  throu^ 
zero,  although  the  power  does.  The  point  of  minimum  current 
is  the  exciting  current  of  the  machine,  shown  by  /o.  At  syn- 
chronous speed,  the  line  supplies  the  core  losses,  and  the  friction 
losses  are  supplied  mechanically.  The  generator  must  be  driven 
somewhat  above  synchronous  speed  before  it  supplies  its  own 
core  losses. 

111.  The  Circle  Diagram. — ^The  operating  characteristics  of 
an  induction  motor  may  be  determined  experimentally  without 
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Fig.  251. — The  circle  diagram  for  an  induction  motor. 


actually  loading  the  motor,  just  as  was  done  in  the  case  of  the 
alternator  and  of  the  transformer.  It  can  be  shown  that  with 
constant  impressed  voltage  and  constant  frequency,  the  locus  of 
the  primary  current  7,  Fig.  251,  as  the  load  on  the  induction  motor 
is  varied,  is  an  arc  of  a  circle.  That  is,  with  change  of  load,  the 
end  E,  of  the  current  vector  7,  moves  along  the  arc  of  a  circle 
PEHK.  This  diagram  is  approximate  in  that  it  neglects  the 
impedance  drop  and  the  copper  loss  in  the  stator  due  to 
the  magnetizing  and  core-loss  currents.  To  obtain  data  for  the 
construction  of  this  diagram  an  open-circuit  and  a  short-circuit 
(or  blocked)  nm  are  made,  as  is  done  with  the  alternator  and 
the  transformer.    Using  the  data  obtained  from  these  two  tests. 


THE  INDUCTION  MOTOR  271 

the  operation  of  the  motor  may  be  determined  with  a  very  fair 

degree  of  accuracy  by  the  use  of  such  a  circle  diagram. 

The  motor  is  first  run  at  rated  voltage  without  load  and  the 

line  voltage  F,  the  line  current  7o,  and  the  total  watts  Po  are 

measured.     The  no-load  power-factor  angle  ^o  can  then  be  deter- 

p 

mined  (cos  Bq  =    /^y^j  for  a  three-phase  motor).     The  voltage 

per  phase  V  is  laid  off  vertically,  Fig.  251,  and  the  no-load  cur- 
rent lo  (per  phase)  is  laid  off  at  an  angle  Bo  from  F'  and  lagging. 
The  rotor  is  then  blocked.  In  order  that  the  current  may  be 
kept  within  reasonable  limits,  the  supply  voltage  per  phase,  V, 
is  reduced  to  voltage  v',  which  should  be  of  such  value  as  to  give 
a  short-circuit  current  approximately  equal  to  the  rated  motor 
current.  The  phase  current  /i,  the  total  power  P'  and  the 
phase  voltage  v'  are  measured  under  these  conditions.  Let  V 
be  the  rated  phase  voltage  of  the  machine.  V  =  V  for  a  delta- 
connected  machine  and  V  =  V /\/z  for  a  Y-connected  machine. 
The  measured  current  Ib  is  increased  in  the  ratio  of  the  rated 
motor  voltage  V  (per  phase)  to  the  reduced  voltage  v'. 
This  gives  Ib  =  OH,  the  current  per  phase  which  would  exist 
were  the  rated  Une  voltage  V  impressed  across  the  motor  when 
blocked.     This  current  lags  V  by  an  angle  Gij. 

P' 

cos  9b  =  —YT-, 
niBV 

,  V 

Ib  =  Ib  — 7 

V 

where  n  is  the  number  of  phases. 

OL  is  drawn  making  an  angle  of  90°  with  OV  in  a  clockwise 
direction.  Ib  =  OH  is  laid  off  making  an  angle  6^  with  OV. 
Points  P  and  H  on  the  circle  are  therefore  determined. 

Line  PH  is  drawn.  PK  is  drawn  parallel  to  OL,  It  is  not 
necessary  to  know  point  K  in  order  to  construct  the  diagram. 

With  PK  as  a  diameter,  a  semi-circle  is  drawn  through  points 
P  and  H.  The  center,  Af ,  of  this  semi-circle  is  found  by  erecting 
a  perpendicular  MM'  at  the  center  of  PH.  The  intersection  of 
MM'  with  PK  gives  the  center  M  of  the  circle.  With  MP  as  a 
radius  and  ilf  as  a  center,  the  semi-circle  PEHK  is  drawn.  PK 
is  the  diameter  of  the  semi-circle  and  its  length  in  amperes  is 


272  ALTERS ATISG  CURRENTS 

V 

PK  =  — J- — ,  where  V  is  the  phase  voltage  and  xi  and  xt  aie 

the  respective  stator  and  rotor  reactances  per  phase,  referred  to 
the  stator. 

A  perpendicular  HJ  m  then  dropped  from  H  to  OL.  The  line 
HP  is  divided  by  G  into  two  segments  such  that  HG:GF  =  I^Rt: 
Ii^Rij  that  is,  in  proportion  to  the  secondary  and  primary  resist- 
ances, respectively,  as  a  one-to-one  ratio  of  rotor  to  stator  turns 
is  assimied.    Line  PG  is  then  drawn. 

At  any  load  current  I,  It  {=  PE)  is  the  secondary  current, 
being  equal  to  7  —  /©  vectorially.  EA  is  the  energy  component 
of  the  current  /,  and  therefore  the  total  power  input  per  phase, 

Pi  ^  FAX  V 

The  core  and  friction  losses 

Pc  =  BA  X  V  per  phase 

The  primary  copper  loss  Ii^Ri  =  BC  X  V  per  phase 
The  secondary  copper  loss  It^Rt  =  CD  X  V  per  phase 
The  output  P  =  DE  XV  per  phase 

r^^       ^   .  DE 

The  efficiency  =  -r^ 

The  torque  T  =  C^  (to  scale) 

The  slip,  «  =  ^ 

EA 

The  power-factor  =  cos  6  =  -j- 

Draw  PV  parallel  to  PG  and  tangent  to  the  circle  at  E\ 

Break-down  torque  Tb  =  C'E'  (to  scale). 

The  above  diagram  is  drawn  for  but  one  phase  of  the  motor. 
The  values  of  power,  losses,  and  torque  must  be  multiplied  by  n 
if  the  motor  has  n  phases. 

The  torque  scale  may  be  found  as  follows: 

The  torque  is  equal  to  a  constant  times  the  power,  divided  by 
the  speed,  the  value  of  the  constant  depending  on  the  units 
adopted.  The  power  output  per  phase  is  P  =  V  X  DE,  The 
rotor  speed  N2  =  N  {1  ^  s)  where  N  is  the  synchronous  speed 
in  r.p.m. 

AT        Ar/i     CD\       NjCE  -  CD)       NXDE  ,,, 
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The  torque  developed  per  phase 

T./       irP      rrV'XDE     KXV'XCE    ,        ^. 

T   =  K-rr  =  K-^tzt^ftft  = i? where  A.  is  a  constant 

Ni  N  X  Dt'  ^/  /TT\ 

CE 

F'  X  CE  is  the  total  power  per  phase  delivered  to  the  rotor. 

The  total  power  delivered  to  the  rotor  by  n  phases,  Pt  =^  n  X 
V  X  CE  watts. 
The  horsepower  output 

nXDExV  ^  2TNtT  .,  . 

^     •  "  746  33,000  ^     ^ 

where  T  is  the  total  torque. 

T.  .  AT       NXDE  .         .^. 

But  Nt  =  — gr^—  from  (I) 

Substituting  in  (III) 

n  XDE  XV  ^  2t(N  X  DE)T 
746  C^X  33,000 

T  =  7 .  04 ^ pound-feet. 

A'  =  7.04  X  w  (II) 

As  the  phases  n,  the  voltage  F',  and  the  synchronous  speed  A^ 
are  usually  fixed,  the  torque 

T  =  K'CE  where  K'  =  704^  ^,  ^' 

N 

112.  The  Measurement  of  Slip. — There  are  various  methods 
for  measuring  slip.  The  slip  may  be  determined  by  measuring 
the  rotor  speed  and  subtracting  this  speed  from  that  of  the  rotat- 
ing field  as  determined  from  the  frequency.  As  the  slip  is  but  a 
very  small  percentage  of  either  the  synchronous  speed  or  the 
rotor  speed  and  is  the  diflference  of  two  nearly  equal  quantities, 
it  is  not  possible  to  determine  it  accurately  by  the  measurement 
of  each  of  these  quantities  and  so  finding  their  diflference. 

A  simple  method  of  measuring  sUp  is  shown  in  Fig.  252.  A 
"target"  or  disc  is  fastened  to  the  end  of  the  shaft  or  to  the 
pulley  of  the  motor.  This  disc  has  the  same  number  of  black 
and  the  same  number  of  white  sectors  as  the  motor  has  poles. 
This  disc  is  illuminated  by  an  arc  lamp  which  is  fed  from  the 

18 
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motor  mains.  When  the  current  in  the  arc  is  passing  through 
its  zero  values,  the  arc  emits  but  little  light.  Therefore,  during 
these  periods  the  sectors  on  the  disc  are  but  dimly  illuminated. 
In  one-half  cycle  the  armature  of  the  motor  would  advance  one 
pole  if  there  were  no  slip.  During  this  time  each  black  sector 
would  advance  to  the  position  just  occupied  by  the  adjacent 
black  sector  which  preceded  it.  The  same  is  true  of  the  white 
sectors.  During  the  period  of  advancement  the  sectors  are  but 
faintly  visible  because  the  current  in  the  arc  is  passing  through 
zero.  Each  black  sector  and  each  white  sector  is  not,  therefore, 
clearly  visible  until  it  has  reached  the  position  just  occupied  by 
the  sector  of  the  same  color  just  preceding  it.     As  the  disc  is 
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intensely  illuminated  twice  every  cycle,  while  the  arc  current  is 
passing  through  its  maximum  values,  all  the  sectors  are  clearly 
visible  twice  every  cycle.  Therefore,  if  the  disc  rotated  at 
synchronous  speed  it  would  appear  stationary.  Due  to  the  fact 
that  each  conductor  on  the  rotor  does  not  advance  one  pole  each 
half  cycle,  the  sectors  will  not  reach  the  position  of  the  next 
adjacent  sector  of  the  same  color,  but  will  fall  short  of  this 
distance,  due  to  the  slip.  The  sectors  on  the  disc  \\411  then 
appear  not  stationary,  but  will  seem  to  be  rotating  slowly  back- 
ward. The  number  of  revolutions  per  minute  that  they  appear 
to  rotate  is  the  revolutions  slip  of  the  rotor.  Figure  252  shows 
a  stroboscope  for  a  four-pole  machine.  Occasionally,  black  and 
white  stripes  are  painted  on  the  face  of  the  pulley.  Fig.  252,  to 
serve  the  same  purpose. 
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A  mechanical-electrical  method  of  measuring  slip  is  shown  in 
Fig.  253.  Two  cylinders  of  insulating  material  are  driven,  one 
by  the  induction  motor  shaft  and  the  other  by  a  small  synchron- 
ous motor  having  the  same  number  of  poles  as  the  induction 
motor.  Each  of  these  cylinders  is  fitted  with  a  slip-ring,  to  which 
a  small  contact  piece  is  connected.  The  synchronous  motor 
always  runs  at  the  speed  of  the  rotating  field.  Therefore,  every 
time  the  induction  motor  slips  one  revolution,  the  contact  pieces 
touch  each  other,  closing  the  circuit  between  the  two  slip-rings. 
This  is  indicated  by  a  flash  of  the  light  connected  in  series  with 
the  rings  through  the  brushes  6,  Fig.  253. 

In  the  Electrical  Engineering  Laboratories  at  Harvard  Uni- 
versity, the  induction  motor  and  the  synchronous  motor  jointly 


laductlOB- 
motor  Shaft 


Synchronorai- 
Botor  Shalt 


Fio.  253. — Measurement  of  slip  by  means  of  synchronous  motor. 


drive  a  differential  through  gears,  a  method  developed  in  these 
laboratories.  The  speed  of  the  differential  is  the  revolutions 
slip  of  the  induction  motor.  If  desired,  the  speed  of  the  differ- 
ential, and  hence  the  slip,  may  be  measured  with  a  speed  counter 
with  considerable  accuracy.  By  changing  gears,  the  apparatus 
is  adapted  to  machines  having  any  number  of  poles. 

113.  The  Induction  Regulator. — Without  auxiliary  apparatus, 
it  is  practically  impossible  to  maintain  the  proper  voltage  at  all 
the  distribution  points  of  a  system,  because  with  a  fixed  voltage 
at  the  station  bus-bars,  the  voltage  at  the  ends  of  short  feeders 
will  ordinarily  be  greater  than  the  voltage  at  the  ends  of  long 
feeders.  Owing  to  the  ohmic  and  reactive  drops  in  the  lines, 
the  voltage  at  the  load  end  of  the  feeder  may  vary  considerably 
with  the  load  on  the  feeder.  In  order  to  maintain  a  more  con- 
stant voltage  at  the  distribution  point,  without  using  an  exces- 
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sive  amount  of  copper,  an  induction  regulator  is  often  connected 
to  each  feeder.  This  maintains  the  voltage  at  the  distribution 
point  practically  constant. 

The  induction  regulator  is  a  transformer  having  a  movable 
secondary.  In  this  way  it  closely  resembles  the  induction  motor. 
The  general  principle  of  the  single-phase  type  is  shown  in  Fig. 

Ehort-Circalted 
Tertiary  Windlos 


Fio.  264  (a). — Single-phase  induction  regulator. 

^5" 


Primary 


Secondary 


Load 


Fio.  254  (6). — Connections  of  a  single-phase  induction  regulator. 

254.  An  ordinary  winding  is  placed  in  the  slots  on  the  stator 
and  a  drum  winding  is  placed  in  the  rotor  slots.  When  the  second- 
ary is  in  the  plane  of  the  primary,  the  maximum  electromotive 
force  is  induced  in  the  secondary,  because  the  mutual  inductance 
of  the  windings  is  a  maximum  when  the  secondary  is  in  this  posi- 
tion.    When  the  secondary  is  at  right  angles  to  the  primary,  the 
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primary  flux  does  not  link  the  secondary  bo  that  the  induced 
electromotive  force  in  the  secondary  is  zero.  As  the  mutual 
inductance  of  the  windings  is  zero  under  these  conditions,  the 
secondary  acts  like  a  choke-coil  of  very  high  impedance.  To 
prevent  this,  a  short-circuited  tertiary  winding  is  placed  on  the 
stator.  This  acts  like  a  short-circuited  transformer  secondary, 
and  therefore  reduces  the  inductance  of  the  regulator  secondary 
to  a  very  small  amount.  The  primary  winding  is  shunted  across 
the  line  as  shown  in  Fig.  254  (b)  and  the  secondary  is  connected 
in  series  with  the  line  (compare  with  Fig.  200,  Chap.  VII,  page 
210).     When  the  secondary  is  in  the  plane  of  the  primary  in  one 


position,  its  induced  electromotive  force  is  a  maximum  and  it  is 
connected  to  act  as  a  booster.  When  the  secondary  is  turned 
180  degrees  from  this  position,  its  electromotive  force  is  also  a 
maximum,  but  it  now  bucks  the  line  voltage.  Any  value  of 
voltage  between  that  corresponding  to  these  two  positions  is 
obtainable  by  varying  the  position  of  the  secondary. 

The  secondary  is  turned  by  a  small  motor,  controlled  by  relays. 
Fig.  256.  The  relays  are  actuated  by  a  contact-making  volt- 
meter. If  the  voltage  is  too  high,  one  set  of  contacts  causes  the 
motor  to  turn  in  such  a  direction  as  to  make  the  secondary 
reduce  the  line  voltage.  If  the  volt^e  is  too  low,  another  set  of 
contacts  causes  the  motor  to  reverse  its  direction  and  the  second- 
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aty  boosts  the  line  voltage.  Figure  255  showB  a  Gener^  Elec- 
tric induction  regulator  of  this  type,  disassembled.  In  this  type, 
the  rotor  is  the  primary  and  the  etator  the  secondary.  The 
short-circuited  winding  at 
right  angles  to  the  pri- 
mary winding  is  plainly 
shown  on  the  rotor. 

The  three-phase  induc- 
tion regulator  closely  re- 
sembles the  three-phase, 
wound-rotor  induction 
motor.  The  three  stator 
windings  or  primaries  are 
connected  across  the  line 
in  either  Y  or  delta.  The 
three  secondaries,  which 
correspond  to  the  three 
phases  of  a  r^tor  wind- 
ing, are  insulated  from 
one  another  and  each  is 
connected  in  series  with 
one  of  the  three-phase 
lines.  As  the  stator  pro- 
duces a  uniform  rotating 
field,  the  induced  electro- 
motive forces  in  the  sec- 
ondaries are  constant  and 
are  independent  of  the 
position  of  the  rotor. 
Their  boosting  and  buck- 
ing effect,  however,  de- 
pends upon  the  phase 
relations  existing  between 
each  induced  secondary 
electromotive  force  and  its 
respective  line  voltage. 
The  three-phase  regulator  requires  no  short-circuited  tertiary 
winding. 
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CHAPTER  IX 
SINGLE-PHASE  MOTORS 

114.  The  Series  Motor. — It  will  be  remembered  that  the 
direction  of  rotation  of  either  the  direct-current  shunt  motor  or 
the  direct-current  series  motor  is  the  same  irrespective  of  the 
polarity  of  the  line  voltage.  If  the  line  terminals  be  reversed, 
both  the  field  current  and  the  armature  current  are  reversed  and 
the  direction  of  rotation  remains  unchanged.  If  such  motors 
be  supplied  with  alternating  current,  the  net  torque  developed 
acts  in  one  direction  only. 

With  alternating  current,  the  shunt  motor  develops  but  little 
torque.  The  high  inductance  of  the  shunt  field  causes  the  field 
current  and  therefore  the  main  flux  to  lag  nearly  90°  in  time-phase 
with  respect  to  the  line  voltage.  The  armature  current  canijot  lag 
the  line  voltage  by  a  large  angle  if  the  motor  is  to  operate  at  a 
reasonable  power-factor.  Therefore,  there  will  be  considerable 
phase  difference  between  the  main  flux  and  the  armature  current. 
Consequently,  such  a  motor  will  develop  but  little  torque  per 
ampere  (see  Par.  103,  page  237).  This  particular  type  of  alter- 
nating-current shunt  motor  is  therefore  not  practicable. 

In  the  series  motor,  the  armature  current  and  the  field  current 
are  in  phase  with  each  other.  The  main  flux  is  practically  in 
phase  with  the  field  current.  Therefore,  the  armature  current 
is  substantially  in  phase  with  the  flux,  and  the  torque  curve  has 
no  negative  loops  (see  Fig.  227,  page  238).  Consequently,  the 
series  motor  develops  approximately  the  same  torque  per  ampere 
with  alternating  current  as  it  dbes  with  direct  current.  Funda- 
mentally, the  series  motor  has  possibiUties  as  an  alternating- 
current  motor. 

The  ordinary  direct-current  series  motor  does  not  operate 
satisfactorily  with  alternating  current  for  the  following  reasons: 

(a)  The  alternating-field  flux  sets  up  eddy  currerUs  in  the  solid 
parts  of  the  field  structure,  such  as  the  yoke,  cores ,  etc.,  causing 
excessive  heating  and  a  lowering  of  efficiency. 

279 
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In  the  altemating-cnirent  series  motor  this  difficulty  is  elimi- 
nated by  laminating  the  field  stmcture.  Even  with  laminated 
field-cores,  bowerer,  losses  in  the  iron  occor  with  ahemating  car- 
rent  which  do  not  occur  with  direct  corrent. 

(6)  There  is  a  relatively  large  voltage  drop  across  the  series  Jidda, 
due  to  their  high  readartce.  This  limits  the  current  and  also  re- 
duces the  output  and  power-factor  to  such  low  values  as  to  make 
the  motor  impracticable. 

In  the  alternating-current  motor  this  difficulty  is  partially 
overcome  as  follows; 

A  low  frequency  is  used,  since  reactance,  X,  is  Si/L,  where  / 
is  the  frequency  and  L  the  inductance.     Even  when  the  field 


Fio.  257. — Windincs  of  aa  alternatmc-cnrTeDt  tenet  motor 

inductance,  L,  is  made  as  low  as  is  practicable,  the  field  reactance, 
X,  will  be  considerably  too  hi^  unless  the  frequency/is  made  low. 
The  usual  lighting  frequency  of  60  cycles  is  much  too  high,  except 
for  motors  of  fractional  horsepower  rating.  Difficulty  is  ex- 
pericDced  in  designing  a  series  motor  for  a  frequency  <A  25 
cycles,  even.  To  obtain  satisfactory  operation,  frequencies 
of  12}^  and  13  cycles  are  commonly  used  abroad  for  this  type  of 
motor. 

The  inductance  varies  as  the  square  d[  the  number  of  turns. 
The  turns  per  pole  must  therefore  be  reduced  to  a  Tninimiim  in 
order  to  keep  the  inductance,  and  therefore  the  reactance,  low. 
To  obtain  sufficient  flux  with  few  ampere-turns  per  pole,  the 
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reluctance  of  the  magnetic  circuit  must  be  reduced  to  a  mini- 
mum. This  is  accomplished  by  operating  the  iron  at  low  flux 
densities  and  therefore  at  high  permeabilities,  and  by  using  a 
very  short  air-gap.  Because  of  the  small  number  of  field  ampere- 
turns  and  the  very  low  flux  density,  a  very  short  pole  of  large 
cross  section  is  necessary,  as  indicated  in  Fig.  257. 

(c)  The  armature  of  an  alternating-current  series  motor  of  a 
given  rating  ha^  an  unusually  large  number  of  conductors.  A 
motor  of  fixed  horsepower  and  speed  must  develop  a  correspond- 
ing torque.  The  torque  developed  by  a  motor  is  proportional 
to  the  product  of  the  field  flux  and  the  armature  ampere-con- 
ductors. Therefore,  if  the  total  flux  of  the  alternating-current 
motor  is  less  than  the  total  flux  of  a  direct-current  motor  of  the 
same  rating,  the  armature  ampere-conductors  of  the  alternating- 
current  motor  must  be  correspondingly  increased  in  order  to 
obtain  the  required  torque.  This  is  one  reason  why  the  arma- 
ture of  the  alternating-current  motor  is  larger  than  that  of  the 
direct-current  motor  of  the  same  rating. 

(d)  The  alternaiing-curreni  mx)tor  has  a  lesser  number  of  field 
ampere-turns  and  a  greater  number  of  armature  ampere-turns  than 
the  corresponding  direct-current  motor.  That  is,  the  motor  has  a 
strong  armature  and  a  weak  field.  This  means  that  the  arma- 
ture reaction  is  unduly  large.  Therefore,  the  effect  of  the  arma- 
ture cross-magnetizing  turns,  unless  compensated,  is  to  produce 
unusually  great  field  distortion.  As  this  distortion  of  the  field 
by  the  cross-magnetizing  armature  ampere-turns  would  make 
commutation  practically  impossible,  this  cross-magnetizing 
action  must  be  neutralized.  This  is  accomplished  by  means  of  a 
compensating  winding  placed  between  the  main  poles,  as  shown 
in  Fig.  257,  this  winding  being  embedded  in  the  pole  faces  (also 
see  Thompson-Ryan  winding.  Vol.  I,  page  275,  Fig.  247).  In 
order  to  reduce  the  reactance  of  the  armature,  also,  this  compen- 
sating winding  should  not  only  neutralize  the  cross-magnetizing 
field  of  the  armature  as  a  whole,  but  it  should  neutralize  it  at 
every  point.  Although  it  is  impossible  to  secure  complete  neu- 
traUzation  at  every  point,  a  close  approximation  to  this  is  ob- 
tained by  distributing  the  compensating  winding  over  the  pole 
faces,  Fig.  257,  and  by  making  each  group  of  pole-face  conduc- 
tors carry  a  current  equal  and  opposite  to  the  current  in  the 
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258. — Conductively-compensated 
series  motor. 


group  of  armature  conductors  directly  under  it,  as  is  also  indi- 
cated in  Fig.  2o7. 

The  compensating  winding  may  be  connected  in  series  with 
the  armature,  Fig.  258,  in  which  case  the  motor  is  said  to  be 
condudively  compensated.  When  it  is  necessary  to  use  the 
motor  on  a  direct-current  system  as  well  as  on  an  alternating- 
current  sj'^stem,  conductive  compensation  is  necessary. 

If  the  compensating  wind- 
ing be  short-circuited  on  itself, 
Fig.  259,  the  winding  is  linked 
with  the  cross-magnetizing 
flux  of  the  armature  and 
therefore  becomes  the  short- 
circuited  secondary  of  a  trans- 
former, the  armature  ampere- 
turns  being  the  primary.  As 
the  secondary'  ampere-turns  of  a  transformer  are  practically 
opposite  in  phase  and  equal  in  magnitude  to  the  primary  ampere- 
turns  if  the  magnetizing  current  be  small,  the  ampere-turns  of 
the  compensating  winding  nearly  neutralize  the  ampere-turns  of 
the  armature.  It  is  not  possible  to  eliminate  entirely  the  cross- 
magnetizing  flux  by  this  method,  any  more  than  it  is  possible 
to  eliminate  the  mutual  flux  in  a  short-circuited  transformer,  but 
it  may  be  reduced  to  a  very  small  value. 

The  cross-magnetizing  flux 
links  the  armature  turns, 
causing  the  armature  itself 
to  have  large  self-inductance. 
Therefore,  the  reactance  of  the 
armature  alone  {Xa  =  2TfLa) 
is  large,  which  in  turn  would 
produce  a  large  reactance 
{IXa)  drop  and  so  lower  the 
power  and  the  power-factor  of  the  motor.  The  compensating 
winding,  acting  like  the  short-circuited  secondary  of  a  trans- 
former, reduces  this  armature  reactance  to  a  small  value. 

This  is  analogous  to  the  ordinary  transformer,  which  on  open- 
circuit  is  a  very  high  impedance.  When  the  secondarj'^  is  short- 
circuited,  the  impedance  is  reduced  to  a  very  low  value.     The 
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Fig.  259. — Inductively-compensated 
series  motor. 
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oecessity  for  reducmg  this  armature  reactance  drop  to  a  small 
value  is  the  principal  reason  for  usti^  a  distributed  compensating 
winding  rather  than  a  more  concentrated  one. 

(e)  In  tiie  aUernaling-cuTrent  series  motor  a  commutating  diffi,- 
adty  occurs  which  is  rwt  present  in  the  direct-current  motor. 

Figure  260  shows  a  coQ  in  the  neutral  plane  undergoing  conunu- 

tation.    The  coil  is  there-  , 

fore  short^ircuited  by  the  ^ 

brushes.     The  plane  of  this 

coil  is  perpendicular  to  the 

direction  of  the  main  field, 

which    is    alternating,    so 

that  the  alternating  flux  of 

this   held    links   the   coU. 

The      shorfr-circuited      coil    Pig.  260.— Tmnrfonner  electromotive  foroe 

acts  as  the  secondary  of  a  '"  ~"  <">dereoiiig  commut»tion. 

transformer,  of  which  the  main  field-winding  is  the  primary, 
and  therefore  has  voltage  induced  in  it.  As  this  coil  is  short- 
circuited  by  the  brushes,  and  has  a  low  impedance,  a  large  cur- 
rent flows.  This  current  causes  severe  sparking  at  the  brushes. 
In  addition,  it  opposes  the  main  flux  and  so  lowers  the  torque. 
To  reduce  this  induced  current  to  as  low  a  value  as  possible, 


resistance  leads  are  often  inserted  between  the  armature  coila 
and  the  commutator  segments,  as  shown  in  Fig.  261.  Such 
leads,  by  increasing  the  impedance  of  the  short-circuited  coU, 
reduce  the  short-circuit  current.  It  will  be  noted.  Fig.  261,  that 
so  far  as  the  short-circuit  current  is  concerned,  two  such  leads  are 
in  series,  while  so  far  as  the  external  or  had  current  is  concerned, 
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they  are  in  parallel.  This  makes  the  resistance  of  these  leads  to 
the  short-circuit  current  four  times  as  great  as  it  is  to  the  load 
current.  Except  when  starting,  such  leads  are  in  the  circuit 
but  a  small  part  of  the  time.  If  the  starting  period  is  too  long, 
the  leads  in  circuit  at  that  time  may  overheat. 

Reactances  for  reducing  this  transformer  current  have  been 
suggested  in  place  of  resistances,  but  the  difficulty  of  finding  room 
for  such  reactances  on  a  rotating  armature  has  prevented  their 
use.  The  induced  voltage  per  turn  in  the  armature  coil  under- 
going commutation  is  proportional  to  the  flux  per  pole.  In 
order  to  keep  this  voltage  within  allowable  limits,  the  total  flux  per 
pole  must  be  made  as  small  as  possible.  Therefore,  the  number 
of  poles  must  be  increased  in  order  that  there  be  sufficient  total 
flux  to  develop  the  required  torque.    For  this  reason  an  alter- 

/i;a=Ann,Be«I«tuice  Drop 
IX  a^     "    Beactanee      *• 
JR8^='  Series  Field  BeslstanceDrop 

JXa^=^      "         "     Beactanee      •• 
JRc=^  Comp.    #>      Beaiatance    •' 

lXc=^      "  "     Beactanee     " 

IRa 

Fig.  262. — Vector  diagram  for  alternating-current  series  motor. 

nating-current  series  motor  ordinarily  has  more  poles  than  a  cor- 
responding direct-current  motor. 

In  order  to  improve  commutation  still  further,  the  voltage 
between  commutator  bars  is  kept  down  to  a  low  value.  This 
requires  a  large  number  of  commutator  segments  and  a  cor- 
respondingly large  commutator.  The  voltage  between  commu- 
tator segments  is  still  further  reduced  by  operating  the  motor  at 
low  voltage,  usually  not  over  250  volts. 

Figure  262  shows  the  vector  diagram  for  this  type  of  motor. 
The  resistance  drop,  //?,,  of  the  main  field,  is  in  phase  with  the 
current  /.  The  reactance  drop,  7X,,  of  the  main  field,  is  in 
quadrature  and  leading  the  current  7.  //?«  and  77?c,  the  resist- 
ance drops  of  the  armature  and  compensating  field,  are  in  phase 
with  the  current.  IXa  and  IX c  the  reactance  drops  of  the 
armature  and  compensating  field,  are  in  quadrature  with  the 
current  and  leading.    The  reactance  drop  of  the  series  field 
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is  much  greater  than  that  of  either  the  armature  or  the  com- 
pensating field.  The  armature  cross-magnetizing  flux  is  not 
essential  to  the  operation  of  the  motor  and  as  far  as  possible  can 
be  neutralized  by  the  compensating  field  ampere-turns.  In  fact, 
the  motor  operation  is  improved  by  the  reduction  of  this  cross- 
magnetizing  flux.  On  the  other  hand,  the  main  flux  is  essential 
to  the  operation  of  the  motor  and  cannot  be  reduced  in  value 
without  reducing  the  torque  per  ampere.  Hence,  it  is  not  prac- 
ticable to  neutralize  the  main  flux  and  consequently  the  series- 
field  reactance  drop  must  be  large,  even  after  the  turns  per 
pole,  etc.,  have  been  reduced  to  a  minimum. 

When  the  alternating-field  flux  is  at  its  maximum  value,  the 
armature  conductors  are  cutting  the  maximum  flux,  and  the 
back  emf .  is  therefore  a  maximum.  When  the  field  flux  is  at  its 
zero  value,  the  back  emf.  is  zero.  Therefore,  the  back  electro- 
motive force  is  in  time-phase  with  the  flux,  and  practically  in 
time-phase  with  the  current,  as  shown  in  Fig.  262. 

The  terminal  voltage,  F,  is  the  vector  sum  of  the  back  emf., 
Ey  and  the  IR  and  IX  voltage  drops  in  the  series  field,  the  com- 
pensating field  and  the  armature.  The  product  of  the  back 
emf.,  Ey  and  the  current,  /,  is  the  power  developed  in  the  arma- 
ture. The  power  at  the  pulley  is  less  than  this  by  the  amount 
of  the  rotational  losses.  The  cosine  of  the  angle  6  is  the  power- 
factor  of  the  motor.  In  order  to  have  high  power-factor,  the 
reactance  drops  must  be  low  and  the  back  emf.  high.  The 
reactance  drops  are  lowest  and  the  back  emf.  is  highest  at  light 
loads,  and  therefore  the  power-factor  of  the  single-phase  series 
motor  is  highest  at  light  loads,  as  shown  in  Fig.  263.  This  is 
the  reverse  of  the  power-factor  relations  which  exist  in  the  in- 
duction motor  and  in  the  transformer. 

The  single-phase  series  motor  has  practically  the  same  operat- 
ing characteristics  as  the  direct-current  series  motor.  This  is 
illustrated  in  Fig,  263,  which  gives  the  operating  characteristics 
of  a  typical  railway  motor.  The  torque  or  tractive  effort  varies 
nearly  as  the  square  of  the  current  and  the  speed  varies  inversely 
as  the  current,  or  nearly  so. 

If  conductively  compensated,  the  motor  operates  satisfactorily 
with  direct  current  and  at  increased  output  and  efficiency. 
When  the  motor  is  operated  with  alternating  current,  the  speed 
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may  be  efficiently  controlled  by  taps  on  a  transformer.     Thla 
efficient  speed  control  is  not  possible  with  direct  current. 

The  single-phase  series  motor  operates  satisfactorily  in  railway 
work,  notably  on  the  New  York,  New  Haven  &  Hartford  Railroad. 
From  New  Haven  to  Harlem  the  locomotives  take  power  at 
11,000  volts,  25  cycles,  from  an  overhead  trolley  wire,  by  means 
of  a  pantograph  trolley.  An  auto-transformer  on  the  locomotive 
reduces  this  voltage  to  250  volts,  the  rated  voltage  of  the  series 
motors.  The  electric  locomotives  run  from  Harlem  into  the 
Grand  Central  Station,  New  York  City,  over  the  New  York 
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Central  600-voIt,  direct-current  system.  The  same  motors  are 
used  for  both  direct-current  and  alternating-current  service,  the 
control  devices  switching  over  automatically  when  transition  is 
made  from  one  to  the  other.  The  motors  which  operate  at  250 
volts  each  on  alternating  current  are  connected  two  in  series  for 
direct-current  operation. 

116.  The  Repulsion  Motor. — If  an  ordinary  direct-current 
armature  be  placed  in  a  single-phase  magnetic  field  and  the 
brushes  be  short-circuited,  a  simple  repulsion  motor  is  obtained. 
In  order  to  develop  torque,  however,  the  brush  axis  must  be 
displaced  from  the  axis  of  the  main  field  by  about  18  or  20  elec- 
trical space-degrees,  as  will  be  shown. 


Tfe  pmuBpfe  of  ic^nrsliicai  ioif  sooii  si  moutr  is  -as  icSitfw^: 

I>%iErc  364  (a)  ^ums  £  gniffTiTae-irinjr  itarmiiMK  xad  ]%s  (30inm'Bl»^ 
tar.  Has  is  liie  same  tjpe  'Cif  armatare  as  wftaSij  be  tisod  for  * 
(ErBrt-CTHTenl  ataribiTift.  IMs  armature  «pca*t(OS  in  «  t.i~poilw 
imagnHtBc  field,  liie  field  sdrocflaire  bojnp  larainsW^.  TV  fiokfa 
are  cKoi-ted  "by  a  irimdii^  oonnftfito d  dirprtl?-  W  «  sin(!jk»-5^w»sip 
aJtanmtmg-mirreiit  Ime.  At  tbf  instAul  s3>oi«Ti,  iW  iijipcr  wii* 
is  poalive  ajid  iJw  iciimreiiiit  is  iEcwaiang  in  a  jwalive  'dii«ict9<wi. 
Hie  ftnx  -riaeii  is  gobsstantialty  in  pJiase  with  liws  «MWfflt  is  slso 
iBcreaang  and  by  tie  oortsflrew  ruk'  is  ■(E'poctuMl  upw*nte,  TTiis 
IIqx  divides,  lialF  !»U3g  tliroii^Eh  «ai(^  side  of  t^M  nveg  ^smiMnv^ 
It  is  olesT  t^t  tbe  wiadiog  <»  e*cfa  side  of  the  ring  an»»Uire 


acts  as  the  secondary  of  a  tiansfonner.  Therrforo,  the  {Utern&t- 
ing  flux  produced  by  the  field  winding,  as  primary,  induces  an 
emf.  in  each  half  of  the  armaturc.  By  Ix;ns's  Inw,  t\m  induced 
emf.  has  such  a  direction  as  to  oppose  the  iiwluciiig  flux,  Tho 
direction  of  this  induced  emf.  at  the  instant  indicated  in  Fir.  264 
(a)  is  given  by  the  arrows  on  the  windings.  It  will  be  noted,  by 
following  through  the  winding,  that  the  resultant  direction  of 
this  induced  emf.  is  upward  in  each  side  of  the  armature.  This 
is  indicated  diagrammatically  in  F^.  204  (6),  where  the  arrows 
show  the  general  direction  of  these  induced  emfs.  through  tho 
armature.  Were  there  no  brushes,  it  is  evident  that  no  current 
would  flow  in  the  armature  winding,  as  tho  emf.  in  one-half  of  tho 
winding  is  equal  and  in  phase  opposition  to  that  in  the  other  htUf, 
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In  Fig.  264,  the  brushes  are  shown  as  being  in  the  geometriod 
neutral  and  Bhort-circuited.  Each  brush  is  at  the  mid-ptmit  of 
its  transformer  winding.  As  the  total  emfs.  in  each  winding  are 
the  same  and  the  windings  are  connected  in  parallel,  each  mid- 
point must  be  at  the  same  potential.  Therefore,  the  brushes 
short-circuit  two  points  at  the  same  potential  and  no  current 
flows  between  brushes. 

It  is  clear  that  wUhovt  brushes  there  is  no  armature  current, 
and  even  itnth  brusfaee  there  is  no  armature  current,  provided  the 
brush  axis  is  at  right  angles  to  the  pole  axis.  Therefore,  under 
both  these  conditions  there  is  no  armature  current  and,  hence,  no 
torque. 


bnuhea  alone  pcde 


Figure  265  (a)  shows  the  same  condition  existing  in  the  field 
and  armature  as  was  shown  in  Fig.  264  (a),  except  that  tiie 
brushes  now  he  along  the  pole  axis.  As  the  general  direction 
of  the  induced  emf  s.  has  not  chained,  the  brushes  are  now  short- 
circuiting  the  points  of  the  armature  winding  across  which  l^e 
maximum  potential  difference  exists.  Therefore,  current  flows 
between  the  brushes  from  both  sides  of  the  armature,  and  in  this 
brush  position,  the  current  in  the  armature  is  a  maximum. 
But  the  motor  develops  no  torque  with  the  brushes  in  this  posi- 
tion for  the  followii^  reason:  Two  conditions  are  necessary  for 
the  development  of  torque.  The  angle  hfiween  the  space-poeition 
of  the  fiux  axis  arid  the  brush  axis  ^ust  be  greater  than  zero. 
For  maximum  torque  this  angle  should  be  90".  For  example,  in 
a  directr-current  motor  with  fixed  flux  and  armature  current, 
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the  maximum  torque  occurs  when  the  brushes  are  in  the  neutral 
plane,  that  is  at  right  angles  to  the  flux.  No  torque  would  be 
developed  were  the  brush  axis  parallel  to  that  of  the  flux. 

There  must  he  a  component  of  the  current  in  tim^-phase  with  the 
flux  (see  Par.  103,  page  237).  If  there  is  90°  time-lag  between 
the  current  and  the  flux,  the  current  is  a  maximum  at  the  instant 
the  flux  is  zero,  etc.,  and  the  average  torque  is  zero.  With  flux, 
armature  current  and  brush  position  all  fixed,  the  maximum 
torque  occurs  when  the  flux  and  armature  current  are  in  time- 
phase  with  each  other. 

Under  the  conditions  shown  in  Fig.  265,  the  brush  axis  is 
parallel  to  the  resultant  flux.  That  is,  the  angle  between  the  flux 
and  the  brush  axis  is  zero.  A  consideration  of  Fig.  265  (a)  shows 
that  the  current  flows  in  opposite  directions  in  the  two  equal 
conductor  belts  on  each  side  of  the  brush  axis.  Although  it 
can  be  shown  that  the  armature  current  is  nearly  in  time-phase 
with  the  flux,  no  torque  is  developed  because  of  the  space  position 
of  the  brushes. 

Hence  in  this  type  of  motor,  no  torque  is  developed  when  the 
brush  axis  is  at  right  angles  to  the  flux,  for  then  there  is  no  cur- 
rent; no  torque  is  developed  when  the  brush  axis  is  parallel  to 
the  flux,  because  the  ampere-conductors  under  each  pole  develop 
opposite  and  equal  torques. 

It  is  obvious,  however,  that  if  the  brushes  be  placed  in  some 
intermediate  position,  they  will  be  short-circuiting  points  of  the 
winding  between  which  a  difference  of  potential  exists  and  there- 
fore currents  will  flow  in  the  winding,  and  also  the  net  ampere- 
conductors under  each  pole  cannot  be  zero.  It  can  be  shown  by 
a  close  analysis  that  the  armature  current  is  substantially  in 
time-phase  with  the  flux.  Therefore,  under  these  conditions 
the  motor  develops  torque,  and  if  allowed  to  do  so,  the  armature 
will  rotate. 

Figure  266  (a)  shows  the  brush  axis  making  an  angle  a  with 
the  pole  axis.  The  arrows  in  this  figure  show  the  direction  of 
the  armature  current  at  the  instant  when  the  upper  wire  is  posi- 
tive and  the  current  is  increasing  positively.  Figure  266  (6) 
shows  diagrammatically  the  general  direction  of  these  currents 
through  the  armature  and  brushes.  It  will  be  observed  that 
the  current  direction  in  the  conductors  under  each  pole  is  such 

19 
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u  to  develop  torque.  Figoie  266  (c)  sfaows  die  ifiiecUutt  cf  Ae 
indaced  em/a.  in  the  annstine.  Defecting  tfae  dBtivtiiig  effect 
ai  the  uroatnre  mmf.  od  the  field  fiox.  The  an&.  is  each  half 
a(  the  armature  act  in  coDJimctioii,  as  shown  in  Fi^  2bi(h). 
.\asame  f(^  the  time  being  that  an^  ^  eqaab  angle  a.  Fig.  266 
(c).  The  current  paths  throogh  the  winding  are  a6crf  and  afed. 
Id  path  a6cd  the  emfa.  E^  and  £4  included  in  angles  a  and  ^ 
respeetiTdj,  each  equal  to  the  bmsh  dtsplacemmt  angle,  are 
equal  and  act  in  oppontioii.  Thcrrftge,  thejr  cancel  each  other, 
leaving  E^  as  the  net  emf .  throu^  path  abed.  likewise  in  path 
afed,  the  emfs.  £/.  and  £/,  cancel,  leaving  E^  as  the  net  emf. 
tfaimgh  this  path.  The  net  emfe.,  E^  and  Eu  uc  tf  ective  in 
sending  the  carrrat  thnra^  the  annatnre. 


Pio.  266- — Bmih  poatioo 


The  foregoing  is  not  a  rigorous  analyas  erf  repulsion  mottv 
operation,  but  rathra'  a  statement  of  the  general  {Hincifdes  on 
which  the  operation  depends.  A  rigorous  anal>'sis  invdves 
vector  diagrams  of  considCTable  comfdexity  and  is  beyond  the 
scope  of  this  book.* 

In  this  type  of  motor,  the  direction  (rf  rotation  depends  on 
the  brush  position.  For  example,  in  Fig.  266  (c),  the  direction 
of  rotation  may  be  revereed  by  moving  the  bniahes  so  that  they 
cross  the  pole  axis,  the  brush  axis  then  makiTig  an  an^e  0  with 
the  pole  axis.     An^e  $  must  be  less  than  90°. 

In  the  foregoing  discussion  a  gramme-ring  winding  has  been 
considered,  as  it  is  a  simple  matter  to  follow  the  winding  since 

'For  more  detailed  analysis  of  maf^a-pbaae  motors  see  "Principles  of 
Alternating  Current  Machinery,"  hy  Pnrf,  R.  R.  Lawraice;  McGraw-Hill 
Book  Co. 
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ihe  conductors  do  not  cross  one  another,  etc.  However,  it  is  well 
known  that  a  drum  winding,  for  the  same  niunber  of  poles,  has  ^ 
the  same  electrical  characteristics  as  the  gramme-ring  winding. 
The  preceding  analysis  applies  equally  well  to  a  drum-wound 
armature.  Also,  the  foregoing  principles  apply  to  motors  of 
more  than  two  poles.  Figure  267  shows  the  brush  positions  for 
a  four-pole  motor. 

Instead  of  displacing  the  brushes  from  the  geometrical  neutral 
so  that  a  potential  diflference  exists  between  them,  which  results 
in  a  current,  giving  rise  to  torque,  the  same  effect  may  be  obtained 
by  using  two  field  windings  displaced  at  right  angles  to  each 
other,  as  shown  in  Fig.  268.     A  compensating  or  transformer 


Fig.  267. — Four-pole  repulsion 
motor. 


Compentating 

or 

Trantformer 

Field 


Fig.  268. — Two-pole  repulsion  motor  with 
compensating  or  transformer  field. 


field,  acting  along  the  brush  axis,  induces  emfs.,  which  in  turn 
cause  currents,  shown  in  Fig.  265,  and  these  currents  react  with 
the  flux  of  the  main  field  winding  to  produce  torque.  This  type 
of  motor  should  not  be  confused  with  the  four-pole  type  of  Fig. 
267. 

Practically  all  repulsion  motors  are  made  with  non-salient 
poles,  rather  than  with  the  salient  poles  shown  in  the  diagramma- 
tic illustrations  just  given.  The  windings  are  usually  of  the 
distributed  type,  such  as  are  used  for  induction  motors.  The 
fact  that  the  reluctance  to  the  main-field  flux  and  to  the  trans- 
former-field flux  must  be  kept  as  low  as  possible  makes  it  desirable 
to  use  non-salient  poles  and  to  make  the  air-gap  as  short  as  pos- 
sible. Otherwise,  the  magnetizing  currents  for  these  fields  will  be 
high,  lowering  the  power-factor. 
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Repulsion  motors  have  characteristics  similar  to  those  of 
series  motors  and  have  large  starting  torque.  The  sparking  is 
very  small  at  synchronous  speed  (3,600  r.p.m.  for  a  two-pole, 
60-cycle  motor)  but  at  speeds  differing  greatly  from  this,  the 
sparking  may  be  excessive.  It  will  be  noted  that  the  motor  of 
Fig.  268  is  similar  to  the  inductively  compensated  series  motor 
of  Fig.  259,  with  the  connections  of  the  compensating  winding 
and  of  the  armature  interchanged.  There  are  several  types  of 
repulsion  motor  on  the  market  which,  while  differing  in  detail 
from  the  motor  just  described,  involve  identical  principles. 

116.  Single-phase  Induction  Motor. — Figure  269  shows  a  two- 
pole  motor  whose  magnetic  field  is  produced  by  single-phase 
current  flowing  in  a  simple  field  winding.     The  current  in  this 
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Fig.    269. — Single-phase,  alternating  field. 


Fig.    270. — Time-variation   of   a 
single-phase  alternating  field. 


field  is  assumed  to  vary  sinusoidally  with  time  and  if  the  iron 
be  assumed  to  operate  at  moderate  flux  densities,  the  flux  through 
the  armature  will  vary  practically  sinusoidally  with  time.  The 
variation  of  this  field  with  time  may  be  represented  by  the  pro- 
jection of  a  rotating  vector  <l>inax  upon  a  vertical  axis  XX,  shown 
in  Fig.  270.  The  vector  <l>max  is  equal  to  the  maximum  value  of 
the  flux  and  its  speed  of  rotation  in  revolutions  per  second  is 
equal  to  the  line  frequency  in  cycles  per  second. 

It  may  also  be  assumed  that  this  single-phase  field  is  made  up  of 
two  equal  and  oppositely  rotating  fields  represented  by  two  equal 
and  oppositely  rotating  vectors.  Fig.  271  (a),  the  maximum  value 
of  each  of  these  fields  or  vectors  being  equal  to  one-half  <l>tnax' 
The  resultant  of  two  such  vectors  always  lies  along  the  vertical 
axis  and  is  equal  in  magnitude  at  any  instant  to  the  field  actually 
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existing  at  that  instant.  The  same  thing  is  represented  in  Fig. 
271  (6),  which  shows  the  flux  distribution  curves  of  two  fields  4>i 
and  <l>2,  each  of  which  is  equal  to  one-half  the  maximum  field. 
These  two  fields  glide  aroimd  the  air-gap  in  opposite  directions 
and  with  equal  velocities.  Their  algebraic  siun  4>  at  any  instant 
is  the  value  of  the  resultant 
field  at  that  instant  and  this 
resultant  field  is  stationary 
in  space. 

The  single-phase  field  may 
be  considered  therefore  as 
made  up  of  two  equal  rotat- 
ing fields,    revolving   in 


0i« 


(a) 


_  _  Fig.   271. — Repreeentation  of  a  mng\e- 

opposite  directions.  (Ex-  ^^^^^^  ^^^^  ^"^  '''^  oppoeiteiy- 
periment    shows   that    two 

such  fields  actually  exist.)  Each  field  acts  independently  upon 
the  rotor  and  in  the  same  manner  as  the  rotating  field  of  the  poly- 
phase induction  motor.  One  field  tends  to  cause  rotation  in  a 
clockwise  direction  and  the  other  field  tends  to  cause  rotation 
in  a  counter-clockwise  direction.  Figure  272  shows  the  slip- 
torque  curve  due  to  each  of  the  two  fields.     The  torques  act 

in  opposite  directions  as 
shown.  At  standstill  (slip 
=  1)  the  two  torques  are 
opposite  and  equal,  and 
the  rotor  has  no  tendency 
to  start.  If  the  rotor  in 
some  manner  be  caused  to 
rotate  in  the  direction  in 
which  the  torque  Ti  is 
(rj)u  1  0  (Tg)  acting,  Ti  will  inmiediately 

Fig.  272. — Two  oppoeiog  torquee  in  a  angle-    exceed    the  COimter-torque 
phaae  mductioD  motor.  y^    ^^^   ^^   armatUTC  will 

begin  to  accelerate  in  the  direction  of  Ti.  As  the  armature 
speeds  up,  Ti  predominates  more  and  more  over  Tz  and  the 
armature  approaches  synchronous  speed  without  difficulty.  The 
coimter  torque  due  to  T^  always  exists,  however,  although  it  has 
little  effect  near  the  synchronous  speed  of  the  field  which 
produces  Ti. 
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When  the  rotor  operates  near  synchronous  speed  and  rotates 
in  the  direction  of  Ti,  its  slip  is  nearly  two  as  regards  Tt.  There- 
fore, the  rotating  field  which  produces  Ti  induces  double 
frequency  currents  in  the  rotor  at  this  speed.  These  double- 
frequency  currents,  however,  produce  but  little  torque  because 
of  their  high  frequency.  This  frequency  is  double  the  stator 
frequency.  Therefore,  the  rotor  reactance  is  many  times  its 
value  at  slip  frequency.  Consequently,  these  currents  are  small 
in  magnitude  and  make  a  considerable  space-angle  with  the  air- 
gap  flux,  developing  little  counter-torque  (see  Par.  103,  page  237). 

It  is  obvious  that  the  single-phase  induction  motor  rotates 
in  the  direction  in  which  it  is  started. 

117.  Reactions  in  a  Single-phase  Induction  Motor. — Although 
the  foregoing  treatment  of  the  single-phase  induction  motor 


Fig.  273. — Transformer  currents  in 
the  rotor  of  a  single-phase  induction 
motor. 


Fig.  274. — Speed  current  and  result- 
ing flux  in  the  rotor  of  a  single-phase 
induction  motor. 


gives  some  idea  of  its  method  of  operation,  it  is  not  a  rigorous 
analysis  nor  does  it  give  a  physical  conception  of  what  actually 
occurs  in  the  motor. 

The  reactions  occurring  in  the  rotor  of  a  single-phase  induction 
motor  are  not  simple  and  several  factors  must  be  considered  if 
an  exact  analysis  is  to  be  made.  In  Fig.  273  the  main  flux  <I>m  due 
to  the  stator  winding  passes,  at  the  instant  shown,  down  into  the 
armature  from  the  north  pole  N.  In  so  doing  it  links  the  rotor 
conductors  and  due  to  transformer  action,  currents  are  induced 
in  these  rotor  conductors.    These  induced  currents  in  the  rotor 
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conductors  must  flow  in  such  a  direction  as  to  oppose  this  flux 
in  the  same  manner  as  the  secondary  ampere-turns  of  any  static 
transformer  oppose  the  primary  ampere-turns.  The  effect  of 
the  rotor  conductors  is  the  same  as  if  they  were  connected  as 
shown  in  Fig.  273,  each  conductor  being  connected  with  one  on 
the  opposite  side  of  the  armature  to  form  a  closed  turn.  To 
oppose  the  flux  4>m,  the  current  must  be  flowing  inward  on  the 
right-hand  side  of  the  armature  and  outward  on  the  left-hand 
side  of  the  armature,  as  indicated  in  the  figure. 

Assume  that  the  armature  rotates  in  a  clockwise  direction. 
There  will  be  an  emf.  induced  in  the  rotor  conductors  due  to  their 
cutting  the  flux  <t>M'  This  induced  emf.  is  called  the  speed  elec- 
tromotive force  because  it  is  induced  entirely  by  the  cutting  of 
the  flux  <i>M  due  to  rotation.  Applying  Fleming's  right-hand  rule, 
this  emf.  acts  inwards  on  the  upper  half  of  the  armature  and 
outwards  on  the  lower  half,  as  shown  in  Fig.  274.  This  emf.  is 
alternating  and  is  a  maximum  when  4>m  is  a  maximum.  As  the 
rotor  conductors  are  short-circuited  upon  themselves,  alternating 
currents  flow  in  them  as  a  result  of  this  induced  emf.  The  rotor 
reactance  being  high  as  compared  with  its  resistance,  these  cur- 
rents lag  the  induced  emf.  by  very  nearly  90°.  Moreover,  these 
currents  produce  a  flux  0^,  at  right  angles  to  4>m,  as  shown  in 
Fig.  274,  just  as  the  ampere-conductors  of  a  direct-current  motor 
produce  a  field  at  right  angles  to  the  pole  axis  when  the  brushes 
are  in  the  geometrical  neutral.  In  practice,  the  stator  completely 
surrounds  the  rotor,  the  air-gap  being  uniform.  At  synchronous 
speed,  0A  is  substantially  equal  to  <i>M  but  is  90°  from  4>m  in  space. 

The  speed  electromotive  force  Ea.  is  obviously  a  maximum 
when  <i>M  is  a  maximum."  The  current  I  a  does  not  reach  its 
maximum  until  nearly  90°  later  in  time,  because  the  rotor  re- 
actance is  high  as  compared  with  its  resistance.  In  Fig.  273, 
<i>M  is  shown  as  having  reached  its  maximum  and  acting  verti- 
cally downwards.  After  a  quarter  period,  ft>A  reaches  its 
maximum  and  is  acting  90°  in  space  from  the  flux  <t>Mi  as  shown 
in  Fig.  274.  It  will  be  recognized  that  two  such  fields,  acting 
along  axes  90°  from  each  other  in  space  and  diflfering  in  time- 
phase  by  an  angle  of  90°,  will  produce  a  rotating  magnetic  field. 
This  field  rotates  clockwise  in  Figs.  273  and  274.  As  the  rotor 
slip  increases,  ^^  decreases  in  magnitude  because  the  speed  is 
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reduced.  Therefore,  the  horizontal  field  becomes  less  than  the 
vertical  field  and  a  so-called  elliptical  field  results. 

At  standstill,  <t>A  is  zero  and  the  rotating  field  becomes  a  pulsat^ 
ing  field,  which  has  already  been  described. 

It  might  be  supposed  that  the  above  rotating  field  would  react 
on  the  rotor  in  the  same  manner  as  the  rotating  field  in  the  poly- 
phase induction  motor.  Since  <t>A  originates  in  the  armature  and 
also  because  of  its  quadrature  position,  it  cannot  of  itself  react 
on  the  stator  to  cause  a  power  current  to  flow  in  the  stator,  and 
therefore  it  cannot  of  itself  contribute  power  to  the  rotor.  How- 
ever, due  to  the  resultant  rotor  currents  produced  by  the  com- 
bined action  of  the  two  fields  <t>A  and  <t>Mf  it  can  be  shown  that  the 
resulting  torque  acting  on  the  rotor  under  the  above  conditions 
acts  in  a  clockwise  direction,  and  so  produces  rotation. 

118.  The  Operation  of  the  Pol3rpliase  Motor  as  a  Single-phase 
Motor. — The  single-phase  induction  motor  is  distinctly  inferior 
to  the  polyphase  motor.  For  the  same  weight,  its  rating  is  about 
50  per  cent,  of  that  of  the  polyphase  motor,  it  has  a  lower  power- 
factor  and  is  less  efficient. 

If  one  phase  of  a  polyphase  motor  be  opened,  the  motor  will 
operate  as  a  single-phase  motor,  although  it  will  not  start  under 
these  conditions.  The  rating  and  the  break-down  torque  of  a 
polyphase  motor,  operating  single-phase,  are  considerably  re- 
duced and  if  rated  polyphase  load  is  applied  continuously,  the 
motor  may  overheat. 

Ordinarily  in  starting  a  polyphase  motor,  all  three  lines  are 
closed  when  the  compensator  is  in  the  starting  position  and  the 
motor  starts  as  usual.  When  the  compensator  is  thrown  to  the 
running  position,  however,  a  phase  may  become  open  through 
the  compensator.  This  would  occiu*  if  one  of  the  fuses  were 
blown.  Fig.  238,  page  251.  The  motor  then  operates  single- 
phase  and  the  only  indication  that  it  may  give  of  this  condition  is 
overheating  if  the  load  is  near  the  rated  value.  The  best  test 
for  an  open  phase  is  to  insert  an  ammeter  in  each  line. 

119.  Starting  Single-phase  Induction  Motors. — As  the  single- 
phase  induction  motor  is  not  self -starting,  auxiliary  means  must 
be  used  to  supply  initial  torque.  One  method  is  to  split  the 
phase  by  the  use  of  inductance,  resistance  or  capacitance. 

Figure  275  shows  one  method  of  splitting  the  phase,  a  two-pole 
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motor  being  shown.  The  main  winding,  which  is  highly  induct- 
ive, is  connected  across  the  line  in  the  usual  manner.  Between 
the  main  poles  are  auxiliary  poles  which  have  a  high-resistance 
winding  and  this  winding  is  also  connected  across  the  line.     As 
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Fig.  275. 


Auxiliary  Poles 
-Split-phase  method  of  starting  a  single-phase  induction  motor. 


the  auxiliary  winding  has  a  high  resistance,  its  current  will  be 
more  nearly  in  phase  with  the  voltage  than  the  current  in  the 
main  winding.  For  the  best  conditions,  the  two  currents  should 
differ  in  phase  by  90°,  but  this  condition  is  not  readily  obtainable, 


Beiistanctt 


Indactance 


Motor  £tator 
Fiti.  276. — Splitting  the  phase  with  resistance  and  inductance. 

and  in  fact  is  not  necessary.  These  two  sets  of  poles  produce  a 
sort  of  rotating  field  which  starts  the  motor.  When  the  motor 
comes  up  to  speed,  a  centrifugal  device  in  the  rotor  opens  the 
switch  S  and  disconnects  the  auxiUary  winding. 
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Another  method  of  BpUttiog  the  phase  is  to  use  a  three-phaoe 
winding,  as  shown  in  Fig.  276,  and  to  connect  resistance  and 
inductance  as  shown.  Resistance  and  capacitance  may  also  be 
used.  Either  a  delta-connected  stator,  or  a  Y-connected  stator 
may  be  used.  The  resistance  and  inductance,  when  connected 
as  shown,  displace  the  phase  relations  of  the  currents  in  the  differ- 
ent phases  of  the  stator  with  respect  to  one  another  and  so  pro- 
duce a  sort  of  rotating  field.  All  these  phase-splitting  devices 
produce  an  elliptical  rotating  field.  Because  of  the  character- 
istics of  the  field  combined  with  the  squirrel-cage  characteristics 
of  the  rotor,  the  resulting  torque  is 
barely  sufHcient  to  start  the  motor, 
even  without  load. 

The  skaded-j>ole  method  is  shown  in 
Fig.  277.  A  short-circuited  coil  of  low 
resistance  is  connected  around  one 
pole  tip.  When  the  flux  is  increaaii^ 
in  the  pole  a  portion  of  the  flux  at- 
tempts to  pass  down  through  this 
shaded  tip.  This  flux  induces  a  cur- 
rent in  the  coil  which  by  Lenz's  law 
is  in  such  a  direction  as  to  oppose  the  flux  entering  the 
coil.  Hence,  at  first  the  greater  portion  of  the  flux  passes 
down  the  right-hand  side  of  the  pole,  as  shown  in  Fig.  277. 
Ultimately,  however,  the  main  flux  reaches  its  maximum  value, 
where  its  rate  of  change  is  zero.  The  opposing  emf.  in  the 
shading  coil  then  becomes  zero,  and  later  the  opposing  mmf. 
of  the  short-cjrcuited  coil  ceases,  the  current  in  this  coil 
lagging  its  emf.  Considerable  flux  then  penetrates  the  short- 
circuited  coil.  After  the  main  flux  begins  to  decrease,  the 
induced  current  in  the  shading  coil  tends  to  prevent  the  flux 
then  existing  in  the  shaded  portion  of  the  pole  tip  from  decreas- 
ing. Therefore,  the  flux  first  reaches  its  maximum  value  at  the 
right-hand  or  non-shaded  side  of  the  pole,  and  later  reaches  its 
maximum  at  the  left-hand  or  shaded  side.  The  effect  of  the 
shading  coil  is  to  retard  in  time-phase  a  portion  of  the  flux,  so 
that  there  is  a  sweeping  of  the  flux  across  the  pole  face  from  the 
right-hand  to  the  left-hand  side  in  the  direction  of  the  shading 
coil.    This  flux  cutting  the  rotor  conductors  induces  currents. 


FiQ.   2 7  7  .  —  Shaded-polo 
method  of  Btartiog   a  ai 
phase  induction  motor. 
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which  in  turn  produce  a  torque  sufficient  to  start  the  motor. 

The  shaded  pole  is  not  a  common  method  of  starting  single-phase 

induction  motors  and  is  used  only  in  motors  of  very  small  size. 

It  will  be  remembered  that  this  same  shaded-pole  principle  is 


Fio.  27S  (&). — Warner  dogle-phase  induction  zaotta. 


used  as  the  light-load  adjustment  in  the  induction  watthour 
meter  (see  page  64). 

The  preceding  methods  of  starting  the  single-phase  induction 
motor  produce  very  weak  starting  torques  which  are  insufficient 
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to  start  the  motor  except  under  the  lightest  loads.  The  Wagner 
Single-Phase  Induction  Motor  starts  as  a  repulsion  motor  and 
has  a  large  starting  torque.  A  cross-section  of  the  motor  and  a 
view  of  the  armature  are  shown  in  Fig.  278.  The  armature  is 
similar  to  the  type  used  in  the  ordinary  direct-current  motor, 
except  that  the  brushes  J  press  on  the  end  of  the  commutator  L 
rather  than  radially  on  its  surface.  These  brushes  are  short- 
circuited  on  themselves  and  are  set  in  a  position  corresponding 
to  those  in  Fig.  266  or  Fig.  267,  pages  290  and  291,  so  that  the 
motor  starts  as  a  repulsion  motor.  It  has  a  large  starting 
torque  and  comes  up  to  speed  rapidly.  As  it  approaches  syn- 
chronism, a  centrifugal  device  V,  Fig.  278  (5),  is  thrown  outward 
and  pushes  the  brushes  away  from  the  commutator,  while  at  the 
same  time  a  metal  ring  K  presses  against  the  commutator  bars 
on  the  inside  and  short-circuits  them.  The  motor  now  operates 
as  a  single-phase  induction  motor. 

120.  The  Induction  Motor  as  a  Phase  Converter. — If  a 
three-phase  induction  motor  be  operated  single-phase,  as  shown 
in  Fig.  279,  three-phase  voltages  exist  across  its  three  terminals. 
The  reason  for  this  is  as  follows: 

The  back  emf .  in  each 
phase  of  a  polyphase 
induction  motor  is  in- 
duced by  the  rotating 
field  cutting  the  stator 
conductors.  If  the  stator 
is  wound  for  two-phase, 
the  induced  emfs.  at  the 

Fig.  279. — Method  of  obtaining  3-phase  power       ,    .       ,  •      i  . 

from  single-phase  supply,  by  means  of  squirrel-     StatOr  terminals  are  tWO- 

cage  induction  motor  operating  as  phase-con-    phase;    if    the    stator    is 
verter 

wound  for  three-phase, 
the  induced  emfs.  at  the  stator  terminals  are  three-phase.  The 
induced  emf.  in  each  phase  of  a  polyphase  induction  motor  is 
slightly  less  than  the  terminal  voltage  (per  phase)  by  the  amount 
of  the  stator  impedance  drop. 

It  was  shown  in  Par.  117,  page  294,  that  in  a  single-phase  in- 
duction motor,  a  rotating  field  exists.  At  small  values  of  slip 
this  field  departs  but  slightly  from  a  true  rotating  field  such  as  is 
produced  by  polyphase  currents  in  polyphase  windings.    There- 
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fore,  when  a  single-phase  voltage  is  applied  to  one  phase  of  a 
two-phase  or  of  a  three-phase  motor,  the  rotating  field  is  almost 
identical  with  that  which  exists  when  polyphase  voltages  are 
applied  to  the  terminals.  Consequently,  if  a  single-phase 
voltage  be  applied  to  one  phase  of  a  two-phase  stator,  a  quadra- 
ture emf.  exists  across  the  terminals  of  the  other  phase.  If  a 
single-phase  voltage  be  applied  across  one  phase  of  a  three-phase 
stator,  the  voltages  across  the  three  terminals  will  very  nearly 
equal  one  another  and  will  be  approximately  120°  apart.  As 
the  induced  emfs.  are  less  than  the  applied  terminal  voltage  by 
the  amount  of  the  stator  impedance  drop  and  as  the  rotating 
field  is  somewhat  elliptical,  the  terminal  voltages  will  not  be 
exactly  balanced.  For  example,  in  Fig.  279,  220-volts,  single- 
phase,  is  applied  across  one  phase  of  a  tliree-phase  motor,  and 
voltages  of  approximately  210  volts  and  200  volts  are  found  to 
exist  across  the  other  two  phases. 

Polyphase  induction  motors  are  often  used  in  this  manner  to 
produce  polyphase  voltages  from  single-phase  supply.  That 
is,  single-phase  voltage  is  supplied  to  one  phase  of  the  poly- 
phase stator  and  polyphase  voltages  are  obtained  from  the 
stator  terminals.  When  so  used  the  motor  is  called  a  phase 
converter. 

The  phase  converter  is  used  to  some  extent  in  railway  electri- 
fication. Although  the  three-phase  induction  motor  is  adapted  to 
railway  work,  there  is  considerable  disadvantage  in  using  the  two 
trolleys  which  are  required  if  three-phase  power  is  to  be  supplied 
to  the  locomotive.  By  using  a  phase  converter,  the  advantages 
of  the  three-phase  motor  for  driving  may  be  secured  and  at  the 
same  time  all  the  advantages  of  a  single  trolley  are  retained. 
The  phase  converter  receives  single-phase  power,  which  is  pulsat- 
ing, and  delivers  three-phase  power,  which  is  substantially 
steady.  This  is  made  possible  by  the  kinetic  energy  stored 
in  the  rotating  armature  of  the  phase  converter,  this  energy 
supplying  the  power  during  those  times  when  the  single-phase 
power  is  negative  or  is  less  than  the  average  value  of  the  poly- 
phase power.  The  armature  accelerates  and  so  stores  kinetic 
energy  during  the  periods  when  the  single-phase  power  exceeds 
the  average  power.  The  armature  slows  down  and  so  gives 
up  some  of  its  kinetic  energy  during  the  periods  when  the  single- 
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phase  power  is  less  than  the  average  power.    Id  practice  the 
actual  speed  variations  of  the  armature  are  slight. 

The  electric  locomotives  of  the  Norfolk  and  Western  Railway 
are  operated  by  the  use  of  a  phase  converter.  A  two-phaae 
converter  is  used,  as  only  half  the  power  need  be  converted  under 
these  conditions,  the  other  half  flowing  conductively  from  the 
transformer  secondary  to  the  motors.  The  power  is  received 
single-phase  from  an  11,000-volt  trolley  and  stepped  down  by  a 
transfoliner  on  the  locomotive.    Special  transformer  taps  are 


Fi<j.  280. — Connectiona  of  locomotive  phase 


used  to  keep  the  phases  balanced.  The  general  diagram  of 
connections  is  shown  in  Fig.  280.  It  will  be  recognized  that  the 
converter  and  transformer  connection  is  equivalent  to  a  T- 
connection.  This  is  used  in  order  that  three-phase  power  may 
be  obtained  by  supplying  single-phase  power  to  the  two-phase 
stator  of  the  converter.  The  phase  ab  to  the  driving  motors  is 
suppUed  directly  from  the  transformer.  The  winding  a'b"b', 
tapped  to  winding  ab,  is  the  main  winding  of  the  phase  converter 
(see  Fig.  207,  page  217).  The  winding  c'c"c  is  the  teaser  winding 
tapped  to  the  transformer  at  c',  giving  the  third  wire  c  of  the 
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three-phase  system.  Ordinarily,  the  teaser  winding  would  be 
tapped  to  point  6",  the  center  of  the  main  converter  winding. 
For  convenience,  however,  the  teaser  winding  is  tapped  to  point 
c',  the  center  of  the  transformer  winding  instead.  Under  balanced 
conditions,  however,  c'  and  6"  are  at  practically  the  same  poten- 
tial, so  that  as  far  as  voltages  are  concerned,  connecting  the 
teaser  winding  to  c'  is  equivalent  to  connecting  it  to  6". 

121.  The  Repulsion-induction  (R  I)  Motor. — This  motor  is 
similar  in  principle  to  the  simple  repulsion  motor  of  Fig.  268, 
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Fig.  281. — General  Electric  repulsion- 
induction  motor  with  independent  com- 
pensating circuit. 
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Fio.    282. — General   Electric  reversible 
repulsion-induction  motor. 


page  291,  except  that  a  compensating  winding  is  used,  supplied  by 
auxiliary  brushes  at  right  angles  to  the  main  brushes,  as  shown  in 
Fig.  281.  To  reverse  the  motor,  an  auxiliary  winding  6c  is 
used.  Fig.  282,  at  right  angles  to  the  main  winding.  The  points 
b  and  c  are  interchanged  for  reversing.  This  motor  has  a  starting 
torque  of  from  200  to  250  per  cent,  full-load  torque  and  has  a 
drooping  speed  characteristic  similar  to  that  of  a  compound, 
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CHAPTER  X 
THE  SYNCHRONOUS  MOTOR 

123.  The  Synchronous  Motor. — It  will  be  remembered  that 
the  direct-current  generator  operates  satisfactorily  as  a  motor. 
Moreover,  there  is  practically  no  difference  in  the  construction 
of  the  direct-current  generator  and  the  direct-current  motor, 
and  there  is  no  substantial  difference  in  the  rating  of  a  machine 
whether  it  is  operated  as  motor  or  as  generator. 

Similarly,  an  alternator  will  operate  as  a  motor  without  any 
changes  being  made  in  its  construction.  When  so  operated,  the 
machine  is  called  a  synchronous  motor. 

The  design  of  a  synchronous  motor  and  of  an  alternator,  each 
of  the  same  rating  and  speed,  may  differ  somewhat  in  details 
owing  to  the  desirability  of  securing  the  best  operating  character- 
istics for  each.  Moreover,  synchronous  motors  are  almost 
always  salient-pole  machines,  whereas  alternators  may  be  either 
of  the  salient-pole  or  of  the  non-salient-pole  type. 

124.  Principles  of  Operation. — Figure  284  shows  a  conductor  a 
under  a  north  pole  and  carrying  a  current  flowing  towards  the 
observer.  By  the  well-known  law  of  motor  action,  a  torque 
develops  tending  to  drive  the  conductor  from  left  to  right.  If 
the  current  be  alternating, 
it  will  reverse  its  direc- 
tion for  the  next  half -cycle 
and  the  torque  then  acts 
from  right  to  left.    There- 
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fore,    the    net    torque   over     Fig.  284.— Torque  developed  by  synchronous 
.  1  i.  motor. 

any  given  number  of  com- 
plete cycles  is  zero  and  no  continuous  motion  can  result.  This 
is  the  condition  existing  in  a  synchronous  motor  when  at  stand- 
still. The  armature  conductors  carry  alternating  current  and 
the  poles  have  fixed  polarity,  being  excited  with  direct  current. 
Therefore,  the  synchronous  motor,  as  such,  develops  no  starting 

torque. 
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field  /^f  f;he  induction  motor.     That  is.  the  speed  5  =    p'  r.pjn.. 

▼here  /  ie  the  frerjuency  and  P  the  nmnber  of  poles   aee  Par». 
:?  and  101,  paip*»  7  and  23o  . 

.'?- «720rp.ni.  A«j». 

125.  Effect  of  Lotfdiiif  the  SyiMhiuooas  Moteor. — U  a  load 
Pie  applieri  to  a  dir^^^-furrent  shunt  motor,  the  !«peed  b  sGghtlr 
''Je/jT^swed,  Thia  refhwift«  the  baek  emf-.  —  ^.  The  fine  most 
^ijp^y  a  voltage  -H^,  equal  and  opposite  to  the  bock  emf.  —E 
arid  in  a#idit,ion,  m»>tt  fmpfAj  the  voltaic  necessanr  to  orerrome 
the  //Z<,  drf>p  in  the  armatnre. 

That.  i«, 

V  ^  E^IR. 

where  V  i»  the  fixed  terminal  voltaiije,  /  the  armature  current 
and  Ra  the  armature  rfrmntance. 
The  rrurrent 
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When  the  back  emf.  —  E  decreases,  more  current  /  flows  into 
the  armature.  This  increased  current  supplies  the  extra  torque 
and  power  required  by  the  increased  load. 

When  load  is  applied  to  a  synchronous  motor,  its  average  speed 
cannot  decrease  since  the  motor  must  operate  at  constant  speed. 
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Fig.  285. — Effect  of  load  on  phase  of  induced  emf.  in  synchronous  motor. 

It  cannot  draw  the  increased  current  from  the  line  in  the  same 
manner  that  the  shunt  motor  does,  that  is  by  operating  at 
decreased  speed.  Figure  285  (a)  shows  two  poles  of  a  rotating- 
field  type  of  synchronous  motor.  Neglecting  any  flux  distor- 
tion, the  emf.  induced  in  conductor  a  is  a  maximum  when 
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conductor  a  is  opposite  the  center  of  a  pole.  It  is  sero  when  the 
pole  reaches  such  a  position  that  conductor  a  lies  midway  be- 
tween the  poles.  The  value  of  this  emf .,  e,  for  any  position  of  the 
pole  axis  Y-Y,  is  shown  by  curve  c. 

Assume  that  a  load  is  now  applied  to  the  motor  shaft.  This 
must  result  in  momentary  slowing  down  of  the  rotor,  since  it 
requires  time  for  a  motor  to  take  increased  power  from  the  line. 
Therefore,  the  rotor  instead  of  being  in  the  position  shown  by  the 
solid  lines  in  Fig.  285  (a)  will  occupy  a  given  position  in  space 
at  a  later  time  on  account  of  the  effect  of  the  load  torque.  The 
relations  under  this  condition  are  shown  by  the  dotted  lines. 
Because  of  the  application  of  load,  the  pole  center  is  now  at  Y'Y' 
instead  of  being  at  YY.  Therefore,  the  induced  emf.  will  not 
reach  its  maximum  value  at  the  same  instant  that  it  would  have 
reached  it  had  no  load  been  applied.  This  maximum  value 
now  occurs  later  in  time,  due  to  the  slight  backward  angular 
displacement  of  the  rotor.  This  is  shown  by  a  new  curve  of 
induced  emf.,  e',  lagging  e  by  an  angle  a  where  e  is  the  emf.  which 
would  have  been  induced  had  no  load  been  applied  to  the  rotor 
shaft. 

This  is  further  illustrated  by  the  use  of  vectors.  Assume  that 
the  motor  is  running  without  load  and  that  the  current  is  so 
small  that  the  back  emf.,  — -B,  Fig.  285  (6),  is  sensibly  equal  to 
the  terminal  voltage  V  and  is  180®  out  of  phase  with  V.  {E  is 
the  component  of  the  terminal  voltage  necessary  to  balance 
the  back  emf.,  —E),  The  vector  sum  of  V  and  —  ^  is  zero, 
practically. 

Now  apply  load.  The  terminal  voltage  V  is  assumed  to  be 
constant  and  so  is  not  affected  by  the  load.  The  induced  or 
back  emf.,  — -B,  will  be  shifted  backward  by  an  angle  a  because 
of  the  backward  angular  displacement  of  the  rotor  caused  by 
the  load.  Let  this  new  value  of  back  emf.  be  —E'  and  let  the 
component  of  terminal  voltage  necessary  to  balance  it  be  E\ 
The  vector  sum  of  V  and  —E'  is  no  longer  zero.  Therefore,  a 
vector  difference  exists  between  V  and  E\ 

In  the  direct-current  motor,  the  armature  current  is  given  by 
dividing  the  armature  resistance  into  the  difference  between  the 
terminal  voltage  and  that  component  of  the  terminal  voltage  E 
which  balances  the  back  emf.  —  E.    In  the  synchronous  motor, 
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the  armature  current  is  given  by  dividing  the  armature  imped- 
ance Z  into  the  vector  difiference  between  the  terminal  voltage 
V  and  the  emf .  E\ 

That  is  /  =  ^^^  =  I'  (71) 

• 

Where  Eo  is  the  vector  difference  of  V  and  E\ 

Therefore  Eo  =  IZ. 

The  above  equation  for  the  armature  current  in  the  synchro- 
nous motor  is  similar  to  the  equation  for  the  armature  current 
in  the  direct-current  motor  (see  Vol.  I,  page  317,  eq.  109). 

As  a  rule  the  reactance  of  the  armature  of  a  synchronous  ma- 
chine is  high  as  compared  with  its  resistance,  and  the  current  / 
lags  the  voltage  Eq  which  produces  it  by  nearly  90®.  This  brings 
the  current  I  very  nearly  in  phase  with  E'  and  nearly  180®  from 
the  back  emf.  —  JS'.  Therefore,  I  is  largely  energy  current  with 
respect  to  —E',  which  means  that  it  supplies  considerable  internal 
power  to  the  motor. 

The  rotor,  by  shifting  its  phase  backward  when  load  is  applied, 
causes  the  motor  to  take  an  energy  current  from  the  line  which  sup- 
plies  the  power  demanded  by  the  increased  load. 

The  total  power  supplied  to  the  motor  per  phase  is 

P  =  7/  cos  ^   . 
The  total  mechanical  power  developed  is 

.   P'  =  E'l  cos  {e  +  a) 

The  net  power  at  the  pulley  is  less  than  P'  by  the  amount  of  the 
frictional  losses  and  the  rotational  core  losses. 

The  difference  between  P  and  P'  is  the  armature  copper  loss. 

It  should  be  remembered  that  the  average  motor  speed  remains 
constant.  The  rotor  merely  takes  an  angular  position  slightly 
back  of  its  no-load  position,  without  altering  its  average  speed. 
This  angular  displacement  of  the  rotor  may  be  observed  by 
means  of  a  stroboscope  (see  page  274). 

126.  Effect  of  Increasing  the  Field  Excitation. — When  the 
field  of  a  direct-current  shunt  motor  is  strengthened,  there  is  a 
temporary  increase  in  the  armature  induced  emf.  This  decreases 
the  armature  current  and  the  torque  is  lowered,  since  the  change 
in  armature  current  is  much  greater  than  the  corresponding 
change  in  the  field.     As  a  result,  the  motor  slows  down  and  its 
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back  electromotive  force  accordingly  decreases.  The  armatore 
current  then  increases  until  it  is  again  of  sufiBicient  magnitude  to 
enable  the  motor  to  carry  the  load. 

When  the  field  of  a  synchronous  motor  is  increased,  the  motor 
cannot  slow  down,  except  momentarily,  for  it  must  run  at  con- 
stant average  speed.  Since  its  speed  is  constant,  its  back  emf. 
must  increase  when  the  field  is  strengthened.  It  mi^t  seem 
then  that  the  motor  would  stop,  for  its  induced  emf.  must 
apparently  become  greater  than  its  terminal  voltage.  In  the 
direct-current  motor,  an  induced  electromotive  force  exceeding 
the  terminal  voltage  would  mean  generator  action  with  the  re- 
sult that  the  machine  would  cease  to  operate  as  a  motor. 

,il   i  Lags  ladsccd  emf. mad  tettdg 
tcnalaal  «»ltM<  ) 


—B  Tladoecd  tat,) 


Vq  (  Oea«r*tor  urmlnal  Tolt«c«) 
Fio.  286. — Relation  of  current  to  voltage  in  motor  and  in  generator. 

The  synchronous  motor,  however,  may  operate  as  a  motor  and 
at  the  same  time  its  back  emf.  may  exceed  its  terminal  voltage 
in  magnitude.  Under  these  conditions,  the  motor  is  said  to  be 
aver-exciied.  Two  reactions  occur  which  enable  the  motor  to 
operate  with  an  over-excited  field.  First,  the  motor  takes  a 
leading  current.  A  leading  current  in  a  motor  corresponds  to  a 
lagging  current  in  a  generator.  This  is  illustrated  by  Fig.  286. 
A  current  /  is  shown  lagging  the  induced  emf.  —  JS  by  90®.  This 
current  I  is  lagging  with  respect  to  both  the  induced  emf.  and 
the  generator  terminal  voltage  and  is  therefore  a  lagging  current 
if  the  machine  is  considered  as  a  generator.  Such  a  current 
weakens  the  field  through  the  effect  of  armature  reaction  (see 
Par.  63,  page  134). 

When  the  machine  is  considered  as  a  motor,  the  emf.  E, 
which  is  the  component  of  the  terminal  voltage  that  balances 
—  JE,  is  opposite  and  equal  to  the  induced  emf.,  —  JS.  The  termi- 
nal voltage  Vm  differs  from  E  only  by  the  armature  impedance 
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Fig.  287. — Demagnetizing  effect  of  leading 
current  on  the  field  of  a  synchronous  motor. 


drop.  Therefore,  the  current  /  is  leading  with  respect  to  the 
terminal  voltage  of  the  motor.  It  follows  then  that  a  current 
which  is  lagging  when  a  machine  is  considered  from  the  point  of 
view  of  a  generator,  is  leading  when  the  same  machine  is  con- 
sidered from  the  point  of  view  of  a  motor.  In  a  generator  a 
lagging  current  weakens  the  field.  Consequently,  in  a  motor  a 
leading  current  must  weaken  the  fiM, 

This  is  further  illustrated 
as  follows:  Figure  287 
shows  a  motor  coil  moving 
from  left  to  right.  When 
its  axis  is  in  the  position  7, 
shown  dotted,  the  coil  sides 
are  under  the  centers  of 
the  poles  and  the  induced 
emf.  is  a  maximum.  As 
the  terminal  voltage  is 
substantially  180°  from  the  induced  emf.,  it  also  will  be  a 
maximum  at  this  instant,  its  direction  being  indicated  in  the 
dotted  coil.  If  the  current  leads  this  terminal  voltage  by  90° 
it  will  reach  its  maximum  value  one  fourth  of  a  cycle  ahead  of 
the  voltage,  or  at  a  time  when  the  axis  of  the  coil  is  in  position 
X,  It  will  be  observed  that  for  this  position  of  the  axis,  the 
ampere-turns  of  the  coil  act  in  direct  opposition  to  those  of  the 
N-pole.     Therefore,  the   effect   of   the   leading   current  in  the 

synchronous  motor  is  to  weaken 
the  field.  In  other*words,  the  armar- 
ture  reaction  tends  to  annul  the  effect 
of  the  increased  field  current  on  over- 
excitation, 
^     «oo      T  J     J  X  The  second  effect  is  illustrated 

Fig.    288.  —  Induced    armature 

voltage  greater  than  terminal  volt-    by  the  vector  diagram  in  Fig.  288. 

age  when  synchronous  motor  cur-  y  jg  ^YiQ  terminal  VoltagC  and  I 
rent  leads  terminal  voltage.  .  i       i .         -rr 

IS  the  armature  current  leadmg  V 
by  an  angle  Q,  The  resistance  drop  in  the  armature  is  laid  ofif 
in  phase  with  the  current  I  and  the  IX  drop  in  the  armature 
is  laid  off  at  right  angles  to  the  current  /  and  leading,  in  the 
usual  manner.  The  impedance  drop  IZ  is  the  vector  sum  of  IR 
and  IX.  The  voltage  S,  necessary  to  balance  the  back  emf.,  is 
found  by  subtracting  IZ  vectorially  from  7,  just  as  iu  the  shunt 


V— Terminal  Voltt 
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motor  the  component  of  terminal  voltaic  which  is  neeeasaiy  to 
balance  the  back  emf.  is  found  by  subtrmcting  the  IB  drop  frmn 
the  terminal  voltagp. 

To  subtract  IZ  from  V,  -IZ  is  added  to  F.  It  will  be  noted 
that  the  euif.  E  is  numerically  qnaUr  than  the  terminal 
voltage  V.  That  is,  by  taking  a  leading  eunent,  the  sjmchronoas 
motor  is  able  to  ojxjrate  with  an  induced  emf.  greater  numerically 
than  the  terminal  voltage-  This  is  analogous  to  the  alternator 
delivering  leading  current  with  its  induced  emf.  less  than  its 
terminal  voltage.  In  each  case  the  flow  erf  power  is  towards  the 
higher  voltage. 

127.  Effect  of  Decreasing  tiie  Field  Excitation.— When  the 
tieUl  of  a  direct-current  shunt  motor  is  weakened,  the  motor 
speeds  up  until  its  back  emf.  reaches  a  value  which  gives  the 
proper  armature  current  for  the  particular  load  condition. 


TermiDal 
Voltage  ft 
Mtximam 


Fig.  289. —  Magnetizing  effect  of  lagging  current  on  the  poles  of  a  Qsmchronous 

motor. 

When  the  field  of  a  synchronous  motor  is  weakened,  it  cannot 
apeed  up  permanently  for  it  must  run  at  a  constant  average 
speed.  However,  it  takes  a  lagging  current.  This  current  has 
two  effects. 

Figure  289  shows  a  coU,  dotted,  whose  axis  is  in  position  7. 
In  this  position  the  coil  sides  are  opposite  the  centers  of  the  pole 
faces  and  the  back  emf.  is  therefore  a  maximum.  The  terminal 
voltage,  which  is  nearly  180°  from  the  back  emf.,  has  its  maximmn 
value  also  for  this  position  of  the  coil,  its  direction  being  indi- 
cated in  the  dotted  coil.  If  the  current  is  lagging  the  terminal 
voltage  by  90°,  it  will  not  reach  its  maximum  value  until  the 
coil  axis  reaches  position  X.  The  current  under  these  conditions 
is  in  such  a  direction  as  to  strengthen  the  S-pole.  Therefore, 
in  a  synchronous  motor  a  lagging  current  strengthens  the 
aeld  through  the  effect  of  armature  reaction.    When  the  6eld 
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of  a  synchronous  motor  is  weakened,  the  motor  takes  a  lagging 
currenl  which  strengthens  the  field  by  armature  reaction  and  tends 
to  annul  the  effect  of  the  weakening  ofthefi^eld.  A  lagging  current 
when  a  machine  operates  as  a  motor  is  a  leading  current  when  the 
machine  is  considered  as  operating  as  a  generator.  It  will  be 
remembered  that  a  leading  current  in  a  generator  strengthens 
the  field  through  the  effect  of  armature  reaction  (see  Par.  63, 
page  135).  That  is,  a  lagging  current  in  a  motor  has  the  same 
effect  on  the  magnetic  field  as  a  leading  current  in  a  generator. 

A  synchronous  motor  under  any  given  operating  conditions 
requires  a  certain  excitation.  If  its  field  is  weakened,  its  excita- 
tion becomes  inadequate.  This  deficit  is  in  part  made  up  by 
the  motor  taking  a  lagging  ciurent  from  the  line.  A  lagging 
current  is  ordinarily  associated  with  inductance  and  therefore 
with  the  excitation  of  a  magnetic  field.  When  the  motor  takes  a 
lagging  current,  some  of  its  excitation  is  therefore  obtained  from 
the  alternating-current  line.  In  this  respect  it  is  similar  to  an 
induction  motor  except  that  the  induction  motor  takes  aU  its 
excitation  from  the  alternating-current  line.  This  lagging 
current  required  by  the  synchronous  motor  to  help  excite  its 
own  field  weakens  the  field  of  the  alternators  supplying  it,  and 
as  a  result  their  field  excitation  must  be  increased  to  maintain 
the  line  voltage.  Therefore,  when  the  field  of  a  synchronous 
motor  is  weakened,  a  part  of  the  excitation  which  it  requires 
is  supplied  indirectly  by  the  fields 

of   the   alternators    supplying   the  ^  ^  —   

system. 

On  the  other  hand,  when  a  syn- 
chronous motor  is  over-excited  it                            ^ 
has    a    surplus    of   excitation.     It      «.      oon    t  j  i 

*;  A         1      J  ^^'    ^^* — Induced  armature 

takes  a  leading  current.      As  a  lead-    voltage  less  than  terminal  voltage 

ing    current    will    neutralize    a    por-    when  synchronous  motor  current 
^  '^  leads  terminal  voltage. 

tion    of    the    laggmg    current    of 

inductive  apparatus  (see  Par.  131,  page  322)  connected  to 
the  system,  or  else  wiU  strengthen  the  fields  of  the  generators 
supplying  the  system,  the  synchronous  motor  under  these  con- 
ditions indirectly  supplies  excitation  to  other  parts  of  the  system. 
Figure  290  shows  the  vector  diagram  when  the  motor  takes 
lagging  current.    The  IR  and  the  IX  drops  are  laid  off  with 


:tl4 


ALTBR.VATIXO  CVRSENTS 


rwference  to  the  miirent  in  the  usual  manner  and  the  IZ  tiiop 
ibtaint'd.  When  —IZ  is  added  to  V.  howcTer.  E,  which  is 
opprwnt*"  and  f^ual  ;<>  the  hark  emi.,  l>ew)niea  numerically  much 
Xf^f  ihftn  V .  That  in.  the  phaiie  shift  of  the  IZ  drop  is  inaucha 
rlirprtion  that  ih*-  machine  nma  as  a  motor  with  a  very  conader- 
:>hly  rfidiK^d  h(w*k  nmf. 

The  =iyn<"hronona  mot^r  with  salient  poles  will  itsoally  opeiate 
'■vpn  if  the  field  nurrpnt  ia  reduced  to  zero.  The  alternating 
i-iirrent  in  the  statflr  winding  will  produce  a  rotating  field,  just  aa 
in  the  induction  motor.  Figure  291  showa  auch  a  iDtating  field 
for  a  four-pole  marhine  without  a  rotor.  At  the  particular 
instant  ^hown  there  are  two  X-polea  vertically  opposite,  and  two 
3-poW  horizontally  opposite.     If  a  foiu:-pole,  ^ialient-pole  rotor 


without  excitation  be  placed  in  this  field,  the  magnetic  lines  from 
fhe  fltatr>rwill  attempt  t^make  the  rotor  take  auch  a  poation  that 
the  mnfcnetic  relu'^tan*'^  is  a  minimum  or  the  fiux  is  a  mftTimnfti , 
In  order  to  accomplish  this  result,  the  pole  pieces  of  the  rotorwhen 
running  become  locked  in  with  the  poles  produced  by  the  stator 
winding,  as  shown  in  Fig.  291  (6).  These  rotating  stator  poles 
pull  the  salient  poles  of  the  rotor  around  with  them  and  in  this 
manner  enable  the  motor  to  carry  a  limited  load  without  direct- 
e.tirrent  excitation.  Although  the  motor  may  carry  a  limited 
load  without  any  direct-current  excitation,  its  power-factor 
will  Iw  very  lf>w  and  the  rarrent  will  be  lagging,  which  is  undesir- 
able. It  is  to  be  noted  that  under  these  conditions,  in  the  ab- 
sence of  direct-rurrent  excitation,  the  motor  takes  its  entire 
excitation  from  the  alternating-current  lines  in  the  same  manner 
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as  an  induction  motor,  as  has  already  been  pointed  out.  That 
is,  if  sufficient  excitation  is  not  supplied  by  the  direct  current  in 
the  field  winding,  the  motor  will  take  lagging  exciting  current 
from  the  alternating-current  line  to  make  up  the  deficit. 

The  power-factor  of  the  induction  motor  for  a  given  load 
cannot  be  altered  without  changing  the  motor  design  and  the 
ordinary  induction  motor  always  takes  a  lagging  current.  The 
power-factor  of  the  synchronous  motor  can  be  altered  at  will, 
and  the  current  can  be  changed  from  lagging  to  leading  by 
simply  changing  the  field  excitation. 

128,  Synchronous  Motor  V-curves, — If  the  power,  P,  de- 
livered to  a  three-phase  synchronous  motor  be  kept  constant  and 
the  field  current  //  varied,  the  power-factor  of  the  motor  will 
change.     The  power  for  a  3-phase  motor  is 

P  =  y/3VI  cos  e 

where  V  is  the  terminal  voltage,  /  the  line  current  and  cos  6  the 
power-factor  of  the  motor.  As  both  P  and  V  are  constant,  any 
decrease  in  the  power-factor  (cos  6)  must  be  accompanied  by  a 
corresponding  increase  in  the  current  /.  Likewise,  any  increase 
in  the  power-factor  must  be  accompanied  by  a  decrease  in  the 
current  /. 

Therefore,a  change  in  the  field  current  at  constant  load  changes 
the  line  or  armature  current  /.  In  order  to  determine  the  rela- 
tion between  the  field  current  and  the  armature  current  and  also 
the  characteristics  of  a  synchronous  motor  as  regards  its  ability 
to  correct  the  power-factor  of  a  system,  the  so-called  V-curves 
of  the  motor  are  obtained.  These  V-curves  show  the  relation 
which  exists  between  the  armature  current  and  the  field  current 
for  different  constant-power  inputs.  Several  curves  are  usually 
obtained,  each  curve  representing  a  constant  value  of  power 
input. 

The  connections  for  making  such  a  test  are  shown  in  Fig.  292. 

The  field  current  is  varied  by  meanS  of  the  field  rheostat.  For 
each  value  of  field  current,  as  read  on  the  direct-current  ammeter, 
the  corresponding  value  of  the  alternating  line  current  is  noted. 
The  electrical  power  delivered  to  the  motor  is  kept  constant  by 
adjusting  the  load  applied  to  the  motor  shaft.  A  polyphase 
wattmeter  is  desirable  for  this  experiment,  as  it  eliminates  -the 
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adding  or  subtracting  of  individual  instrument  readings  which 
is  necessary  when  two  single  wattmeters  are  used. 


Fio.  292. — Connectioiis  for  obtaining  V-curves  of  Qsmchronoos  motor. 


X    Field 
Correat 


> 


FiQ.  293. — V-curves  of  synchronous  motor. 

Figure  293  shows  a  set  of  typical  V-curves.     The  curve  AB  is 
obtained  when  the  motor  is  running  at  very  Ught  load.    At  very 
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low  values  of  field  current,  the  armature  current  is  large  and  is 
lagging.  As  the  field  current  is  increased,  the  power-factor 
increases  and  the  armature  current  decreases  until  it  reaches  its 
minimum  value  Ji.  K  the  field  current  be  still  further  increased, 
the  armature  current  begins  to  increase  and  becomes  leading. 
In  other  words,  the  motor  passes  from  under-exdtation  to  over- 
excUaiion  when  the  field  current  is  increased  from  a  low  to  a  high 
value. 

The  current  /i  is  the  value  of  the  current  at  unity  power-factor. 
This  is  illustrated  in  Fig.  294.    Let  Jj 
be  the  value  of  line  current  for  some 
power-factor,  cos  6%.     The  power  (for 
one  phase)  is, 

Pi  =  V'li  cos  ^2 

where  V  is  the  phase  voltage. 
But 

(J,  cos  ^2)  =  /i  72) 

for  all  values  of  ^2. 

In  other  words,  for  constant  power 
Pi,  I\  is  always  the  energy  component 
of  the  current  regardless  of  the  power- 
factor.    Therefore,  the  current  vector      ^     ^^      _,   , 

.  '  xt.     T      xrxr        ^°-   294.  — Vector   diagram 

Will  always  termmate  on  tne  ImeAA    showing    current   variation    in 

perpendicular    to    V.    The    current  synchronous  motor  with  con- 

:  .    .  ^    _         ,  ^ ,  stant  power  input. 

IS  a  mimmum  at  ii,  where  the  cur- 
rent is  in  phase  with  V.  The  power-factor  is  then  unity.  The 
excitation  corresponding  to  the  armature  current  /i  is  called 
the  normal  excitation  of  the  motor  for  the  load  in  question.  For 
an  excitation  less  than  the  normal  value,  the  motor  takes  a 
lagging  current  and  is  said  to  be  under^xcited;  for  values  of  the 
excitation  greater  than  the  normal  value  the  motor  takes  a 
leading  current  and  is  said  to  be  overexcited. 

By  aid  of  the  V-curves,  the  power-factor  for  any  other  value 
of  line  current  and  given  input  may  be  obtained.  For  example, 
assume  that  it  is  desired  to  obtain  the  power-factor  for  some  value 
of  leading  current  hy  Fig.  293.  From  Fig.  294,  the  power-factor 
cos  62  =  /1//2.  Therefore,  the  power-factor  for  any  current  7, 
may  be  found  by  dividing  the  current  /  into  the  minimum  or 
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normal  value  of  the  line  or  armature  current  /i  for  the  given 
input  P\.     The  power  represented  by  curve  AB  is  obviously 

Pi  =  VSTVi 

for  a  three-phase  motor  having  a  line  voltage  V. 

CD,  Fig.  293,  is  a  V-curve  taken  for  a  value  of  powerPj,  which 
is  obviously  greater  than  Pi.  EF  is  a  third  curve  taken  for  a 
still  greater  value  of  power,  P3.  A  curve  drawn  through  the 
lowest  points  of  the  V-curves  is  a  unity  power-factor  curve. 
Curves  XX  and  XY,  drawn  through  the  V-curves  at  the  proper 
points  are  0.8  power-factor  curves,  XX  being  for  lagging  ciurent 
and  XY  for  leading  current.  Curves  for  other  power-factors 
may  also  be  found  in  a  similar  manner.  These  curves  are  called 
compounding  curves. 

It  should  be  noted  that  the  normal  field  current  varies  with 
the  value  of  power  input  to  the  motor. 

129.  Amortisseur  or  Damper  Windings. — Figure  295  shows 
the  rotating  field  structure  of  a  synchronous  motor,  around  which 
a  squirrel-cage  winding  is  built.  The  conductors  of  the  squirrel 
cage  are  embedded  in  the  pole  faces  of  the  rotor.  This  winding 
serves  two  purposes. 

It  assists  the  motor  in  starting  and  it  damps  out  any  tendency 
of  the  rotor  to  oscillate  or  "hunt."  Such  windings  are  called 
amortisseur  or  damper  windings  or  simply  dampers.  If  the  motor 
is  connected  to  a  system  which  receives  its  power  from  a  recipro- 
cating engine  unit,  there  may  be  pulsations  in  the  supply  fre- 
cjuency  caused  by  the  variable  driving  torque  of  the  engine.  The 
synchronous  motor  is  very  sensitive  to  phase  changes,  as  has 
already  been  shown,  and  small  changes  in  the  phase  of  the  supply 
voltage  may  produce  considerable  changes  in  the  energy  current 
which  the  motor  takes  from  the  line.  This  produces  pulsations 
in  the  motor  torque.  If  these  pulsations  have  a  frequency  nearly 
equal  to  the  natural  frequency  of  oscillation  of  the  rotor,  they 
may  cause  it  to  oscillate  periodically  about  its  normal  position. 
That  is,  the  rotor  alternately  accelerates  and  retards,  although 
the  average  speed  does  not  change.  This  is  called  hunting  (see 
Par.  75,  page  171).  These  oscillations  may  become  so  great  as 
to  cause  the  motor  to  fall  out  of  synchronism. 

Hunting  may  also  be  caused  by  system  disturbances,  such  as 
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switching,  short-circuits,  etc.,  and  also  by  sudden  changes  of 
load  on  the  motor  shaft.  Hunting  due  to  such  causes  usually 
dies  out  at  a  rapid  rate,  but  the  first  oscillations  may  be  great 
enough  to  cause  the  motor  to  fall  out  of  synchronism. 

The  action  of  the  damper  winding  involves  the  principle  of 
both  the  induction  motor  and  the  induction  generator.  So  long 
as  the  rotor  is  rotating  at  synchronous  speed,  the  rotating  field 
of  the  armature  or  stator  does  not  cut  the  dampers  and  they  have 


Fig.  295.— Rotor  of  a 


no  effect.  That  is,  the  armature  mmf.  rotates  aynchronoualy 
with  the  field  and  there  is  no  relative  motion  between  the  field  flux 
and  the  dampers.  Assume  that  the  rotor  slows  down  moment- 
arily. For  an  instant  the  rotating  field  due  to  the  armature  mmf. 
is  rotating  faster  than  the  field  structure.  This  is  equivalent  to 
the  rotor  slipping  temporarily,  and  currents  are  induced  in  the 
dampers.  This  is  induction  motor  action  and  the  currents  in 
the  dampers  are  in  such  a  direction  that  they  tend  to  pull  the 
rotor  back  again  towards  synchroiiism. 
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Again,  if  the  field  poles  for  some  reason  swing  ahead  of  their 
normal  position,  the  dampers  cut  the  rotating  field  in  the  oppo- 
site direction  or  the  slip  becomes  negative,  temporarily.  Induc- 
tion generator  action  follows,  putting  a  load  on  the  rotor  and 
tending  to  slow  it  down.  Therefore,  these  dampers  always  tend 
to  pull  the  motor  back  into  synchronism  and  thus  prevent  hunt- 
ing. Such  windings  are  often  used  on  alternators,  particularly 
of  the  engine-driven  type,  to  prevent  hunting. 

130,  Starting  the  Synchronous  Motor. — As  has  been  pointed 
out,  the  synchronous  motor  is  not  self-starting.  It  must  first 
be  brought  nearly  or  actually  to  synchronous  speed  before  it 
can  operate.    There  are  several  methods  of  accomplishing  this. 

The  direct-current  exciter  for  the  motor  is  frequently  con- 
nected directly  to  the  motor  shaft.  If  a  direct-current  source  of 
power  is  available,  the  exciter  may  be  operated  as  a  motor  and 
thus  bring  the  synchronous  motor  up  to  speed.  The  field  of  the 
synchronous  motor  is  then  excited  and  the  motor  synchronized, 
just  as  with  an  alternator. 

If  an  exciter  or  sufiicient  direct-current  power  is  not  available, 
a  small  induction  motor,  geared  or  direct-connected  to  the  syn- 
chronous motor  shaft,  may  be  used  for  bringing  it  up  to  speed. 
If  the  induction  motor  is  direct-connected,  its  synchronous  speed 
must  have  a  higher  value  than  that  of  the  synchronous  motor,  in 
order  to  compensate  for  the  slip  of  the  starting  motor.  Such 
starting  motors  are  often  disconnected  mechanically  after  the 
synchronous  motor  has  been  connected  to  the  line.  The  dis- 
advantage of  using  an  induction  motor  is  the  additional  motor, 
the  gears  where  used,  etc.  This  method  of  starting  is  practi- 
cally not  used  at  the  present  time. 

The  synchronous  motor  is  often  used  to  drive  a  direct-current 
generator.  If  sufficient  direct-current  power  is  available,  the 
generator  may  be  used  as  a  motor  to  bring  the  synchronous  motor 
up  to  speed.  After  the  motor  is  synchronized,  the  field  of  the 
direct-current  machine  is  strengthened  and  it  then  acts  as  a  gen- 
erator, taking  mechanical  power  from  the  synchronous  motor. 

The  synchronous  motor  may  start  as  an  induction  motor. 
First,  the  field  circuit  is  opened.  A  polyphase  alternating  voltage 
is  then  impressed  on  its  stator  and  a  rotating  field  is  therefore  set 
up  about  the  rotor.    As  a  rule,  it  is  desirable  to  use  a  compensator 


THE  SYNCHRONOUS  MOTOR  321 

80  that  reduced  voltage  is  applied  to  the  stator  windings.  The 
rotating  field  sets  up  currents  in  the  pole  faces  of  the  rotor  and 
in  the  amortisseur  winding  as  well,  if  such  exists.  This  is  obvi- 
ously  induction  motor  action.  As  the  paths  of  the  pole-face 
currents  and  of  the  currents  in  the  dampers  have  considerable 
inductance  (see  Par.  103,  page  237),  only  a  comparatively  weak 
starting  torque  can  be  obtained.  On  starting,  the  rotor  currents 
may  be  large,  and  the  rotor  frequency  is  that  of  the  stator.  The 
rotor  reactance,  which  is  proportional  to  the  rotor  inductance 
and  to  the  frequency,  is  large.  This  causes  the  rotor  currents  to 
lag  the  induced  emfs.  by  a  considerable  angle  and  hence,  the 
rotor  currents  make  considerable  space-angle  with  the  flux  (see 
Fig.  228,  page  240).  Therefore  the  motor  develops  little  torque, 
even  with  considerable  line  current.  The  motor  under  these 
conditions  is  very  similar  to  the  squirrel-cage  induction  motor, 
which  has  a  very  small  starting  torque. 

However,  the  starting  torque,  though  small,  is  usually  suf- 
ficient to  start  the  machine,  which  then  accelerates  until  it  is  at  or 
near  synchronism.  Before  the  compensator  is  thrown  into  the 
running  position,  the  field  switch  is  usually  closed,  so  as  to  mini- 
mize disturbances  to  the  system.  If  the  rotor  is  slipping  slightly, 
it  will  usually  pull  into  synchronism  when  the  field  switch  is 
closed,  the  field  poles  locking  in  with  the  poles  produced  by  the 
armature  mmf..  Fig.  291,  page  314. 

The  motor  may  pull  into  synchronism  before  the  field  circuit 
is  closed.  The  flux  (see  Fig.  291)  sweeping  by  the  salient  poles 
shows  a  less  and  less  tendency  to  leave  them  as  the  rotor  ap- 
proaches synchronism,  owing  to  hysteresis.  That  is,  the  flux 
tends  to  persist  in  the  poles  after  the  magnetizing  force  is  de- 
creased (see  Vol.  I,  page  181,  Fig.  157).  This  action  may  be 
strong  enough  to  pull  the  rotor  into  synchronism  before  the  field 
circuit  is  closed. 

When  the  field  circuit  is  closed,  it  may  excite  the  motor  poles 
so  that  their  polarity  is  opposite  to  that  produced  by  the  revolv- 
ing field,  i.e. J  by  the  armature  reaction  (Fig.  291).  The  rotor  is 
then  thrown  back  one  pole,  or  in  other  words,  it  slips  a  pole. 
This  may  cause  considerable  disturbance  to  the  system  and  for 
this  reason  the  field  is  usually  closed  when  the  compensator  is 
in  the  starting  position.    This  diflStculty  may  be  avoided  by  ap- 
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plying  a  weak  direct-current  field  to  the  motor  as  it  approaches 
synchronism.  This  causes  the  armature  reaction  to  act  in  con- 
junction with  the  direct-current  field  windings,  and  the  poles 
then  come  into  synchronism  with  the  same  polarity  as  will  be 
produced  by  the  direct-current  excitation.  After  the  motor  has 
pulled  into  synchronism,  it  is  necessary  merely  to  strengthen 
the  direct-current  field  to  the  desired  value.  The  starting  com- 
pensator may  then  be  thrown  quickly  into  the  running  position. 

When  voltage  is  first  applied  to  the  synchronous  motor,  there 
may  be  a  very  high  voltage  induced  in  the  field  winding.  The 
stator  acts  as  the  primary  of  a  transformer,  the  primary  having 
a  comparatively  few  turns.  The  flux  produced  by  the  stator  or 
primary  cuts  the  field  winding  at  synchronous  speed,  and  as  the 
field  has  a  very  large  number  of  turns,  a  very  high  electromotive 
force  is  induced  in  the  field.  This  electromotive  force  may  be 
sufiiciently  high  to  puncture  the  field  winding.  Therefore,  the 
field  winding  should  be  insulated  for  voltages  considerably  in 
excess  of  that  which  normal  operation  requires.  The  field  is 
sometimes  short-circuited,  or  is  shunted  by  a  resistance  when 
starting,  in  order  to  decrease  this  high  voltage.  The  induced 
emf .  in  the  field  decreases  as  the  rotor  comes  up  to  speed,  until 
at  synchronism  it  becomes  zero. 

131.  The  Synchronous  Condenser  as  a  Corrector  of  Power- 
factor. — The  fact  that  the  power-factor  of  the  synchronous  motor 
may  be  varied  at  will  makes  it  useful  in  many  installations, 
particularly  in  those  which  operate  at  low  power-factor.  It  will 
be  recalled  that  a  low  power-factor  means  larger  generators, 
more  transmission  copper,  poorer  regulation,  and  reduced  eflB- 
ciency.  Factories  and  mills  using  induction-motor  drive  often 
have  an  over-all  power-factor  as  low  as  0.5,  which  is  very  undesir- 
able. If  it  is  possible  to  use  a  synchronous-motor  drive  in  any 
part  of  the  installation,  the  motor  may  be  operated  over-excited 
and  therefore  will  take  a  leading  current.  This  leading  current 
neutralizes  some  of  the  lagging  current  of  the  system  and  so 
improves  the  system  power-factor. 

This  is  illustrated  in  Fig.  296  for  single  phase  or  for  one  of 
the  phases  of  a  polyphase  system.  Let  V  be  the  voltage  of  the 
system  and  let  the  total  current  be  /,  lagging  the  voltage  V  by 
an  angle  0i.    It  is  desired  to  obtain  the  size  of  synchronous 
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motor  necessary  to  raise  the  system  power-factor  to  unity.     The 
synchronous  motor  is  to  run  without  load. 

Resolve  the  current  /  into  two  components,  an  energy  compo- 
nent /i  =  /cos  01  and  a  quadrature  component  h  =  I  sin  ^i. 
The  energy  current  of  the  synchronous  motor  is  small  compared 
with  its  quadrature  current,  when  the  motor  is  operating  without 
load,  and  is  added  at  right  angles  to  the  quadrature  current. 
Therefore,  in  determining  the  total  current  taken  by  the  syn- 
chronous motor,  this  energy  current  may  be  neglected.  For 
unity  power-factor,  the  motor  current  will  then  be  substantially 
equal  to  the  quadrature  current  hj  but  leading.     Therefore,  the 


^   Load 

P.  F.  -Coi  $  I 


Synchronous 
Condenser 


11  -/Cos  01 

12  -/Cin  ^, 


Fig.  296. — Raising  power-factor  to  unity  by  means  of  synchronous  condenser. 


rating  of  the  synchronous  motor  is  VL  =  Vh  volt-amperes  per 
phase. 

If  it  be  desired  to  raise  the  power-factor  to  some  value  less  than 
unity,  a  smaller  synchronous  motor  can  be  used.  In  practice, 
it  usually  does  not  pay  to  raise  the  power-factor  above  0.9 
or  0.95,  as  little  is  gained  by  any  increase  above  these  values. 
Moreover,  these  last  few  per  cent,  of  improvement  in  the  power- 
factor  require  a  much  greater  proportionate  increase  in  motor 
capacity. 

In  Fig.  297  the  load  power-factor  is  cos  ^i.  The  load  on  the 
synchronous  motor  is  assumed  to  be  zero  and  its  losses  are 
neglected.  The  load  current  /  is  resolved  into  two  components 
Ji  and  72  as  before.  It  is  desired  to  determine  the  size  of  syn- 
chronous motor  necessary  to  raise  the  power-factor  to  cos  ^o. 
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The  resultant  current  Jo  is  laid  off  0o  degrees  behind  F,  but 
terminating  on  line  /-/i,  since  the  power  and  hence  the  energy 
current  I\  is  fixed.  The  synchronous-motor  current  /•  has  the 
value,  Fig.  297, 


Is  —  I  sin  Oi  —  Jo  sin  (?o  =  ^2  —  /o  sin  Oi 


(73) 


It  will  be  noted  that  the  resultant  current  /o  is  the  vector  sum  of 
the  load  current  /  and  the  motor  current  /,. 

When  a  synchronous  motor  is  operated  without  load  for  the 
purpose  of  merely  correcting  power-factor,  it  is  called  a  synchron- 
ous condenser.    Such  a  synchronous  condenser  should  not  be 


/o 


Cos  (?o 


LMd 

P.F.«Oot  ^1 


/. 


OSynchronoiia 
Condenser 


Fig.  297. — Raising  power-factor  to  cos  (?©  by  means  of  synchronous  condenser. 

employed  unless  its  investment  charges  and  cost  of  operation 
are  considerably  less  than  the  increased  charges  occasioned  by 
the  low  power-factor.  Other  considerations,  such  as  voltage 
control,  however,  are  important.  When  a  user  of  electric  power 
buys  on  either  a  kilowatt-hour  or  a  kilowatt  basis,  a  low  power- 
factor  is  not  detrimental  to  him,  except  possibly  to  increase 
slightly  the  cost  of  his  mains.  This  low  power-factor  is,  how- 
ever, detrimental  to  the  power  company,  which  must  install 
larger  generators,  conductors,  transformers,  etc.  For  this  reason 
many  power  contracts  now  penalize  low  power-factor. 

132.  The  Synchronous  Motor  as  a  Corrector  of  Power-factor. 
The  synchronous  motor  may  correct  the  power-factor  of  a 
system  and  at  the  same  time  deliver  mechanical  power. 
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Assume  in  Fig.  298  that  a  certain  system  takes  /  amperes  at 
a  voltage  V  and  that  the  current  /  lags  V  by  ^i  degrees.  It  is 
desired  to  raise  the  power-factor  of  the  system  to  unity  by  means 
of  a  synchronous  motor,  while  at  the  same  time  the  motor  is  to 
supply  mechanical  power  requiring  F  //  watts  from  the  line. 

The  synchronous  motor  must  first  take  a  quadrature  leading 
current  I2'  in  order  to  counteract  the  lagging  quadrature  cur- 
rent I2  of  the  load. 

I2'  =  I2  —  /.sin  61 

In  addition,  the  synchronous  motor  must  take  an  energy 
current  /i'  to  supply  its  losses  and  ^'  / 

also  the  power  required  by  its  load. 
The  total  synchronous  motor 
current 

L  =  VihV  +  {1 2V       (74) 

and  the  power-factor  of  the  syn- 
chronous motor 


cos  6g  = 


/. 


(75) 


^•v 


Example. — A  eertain  machine  shop 
takes  200  kw.,  at  0.6  power-factor,  from  Fio.  298. — Raising  power-factor 
a  600-volt,  three-phase,  60-cycle  system,  to  unity  by  means  of  a  loaded 
It  is  desu-ed  to  raise  the  power-faJjtor  of  synchronous  motor, 
the  entire  system  to  0.9  by  means  of  a  synchronous  motor,  which  at  the 
same  time  is  to  drive  a  direct-current  shunt  generator  requiring  that  the 
synchronous  motor  take  80  kw.  from  the  line.  What  should  be  the  rating 
of  the  synchronous  motor  in  volts  and  amperes.  • 

The  vector  diagram  is  shown  in  Fig.  299.     Assume  that  the  system  is 
V-connected.     The  problem  will  be  worked  for  one  phase  only. 


fvnn 
The  voltage  to  neutral,  V  =  — -7=  =  346  volts. 


The  current  per  phase,  I  = 


200,000 


=  321  amp. 


VS  X  600  X0.60 

The  energy  current  of  the  load,  Ii  =  I  cos  ^  =  I  X  0.6  =  192.6  amp. 
The  quadrature  current  of  the  load,  I2  =  I  sin  ^  =  I  X  0.8  =  256.8  amp. 
At  0.9  power-factor,  the  resultant  power-factor  angle  do  =  26.8®. 
The  energy  current  of  the  synchronous  motor 

-  80,000 


■u 


=  77.0  amps. 


Vb    600 
Total  energy  cuirent  =  Ii  +  I2.  =  192.6  +*77.0  =  269.6  amp. 
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The  quadrature  current  of  the  Bystem, 

1/  »  269.6  tan  25.8''  «  269.6  X  0.4834  «  1303  ampu 
The  quadrature  current  of  the  flynchronocfis  motor 

Ij.  =  I,  —  I4'  =  256.8  —  130.3  «  126.5  amp. 


/i^aw.sg  y^  j^  ^^^1^ 


mjia 


/A-.2».6a 


Fio.  299. — Vector  diagram  for  synchronous  motor  which  raises  power-factor 

to  cos  00  and  at  same  time  supplies  power. 

The  total  synchronous-motor  current 

I.  =  V(Ii.)*  H-  (I2.)*  =  V(77.0)»  H-  (126.5)*  =  \/21,930  ==  148amp. 
The  synchronous  motor  will  then  be  rated  at  600  volts,  148  amperes, 
or  will  have  a  rating  of  154  kilovolt-amperes.  Ans. 

The  resultant  current  lo  the  vector  sum  of  I  and  h  is  shown  in  Fig.  299. 

133.  The  S3rnchronous  Motor  as  a  Regulator  of  Voltage. — 
Figure  300  shows  one  phase  of  a  power  system,  which  may  be 

either  a  single-phase  or  a 
polyphase  system.    A  con- 

lT.r-    s*a°*  voltage  y.  is  suppUed 
to  the  system  by  a  generator 


^. 


Pig.  300. — Synchronous  motor  taking  power     or  by  a  pOWer  plant.    At  the 
through  resistance  and  reactance  in  series.        ^^^^^^^  ^^^  ^f   ^h^  yj^^  is 

a  synchronous  motor  whose  terminal  voltage  is  Vm.  Between 
Vg  and  Vtn  are  both  resistance  and  reactance  in  series.  These 
may  be  the  usual  resistance  and  reactance  of  a  transmission  line, 
or  they  may  exist  in  an  impedance  coil,  having  a  resistance  R 
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and  reactance  X,  inserted  between  the  supply  mains  and  the 
motor  terminals. 

Assume  first  that  the  synchronous  motor  is  under-excited  and 
therefore  taking  a  lagging  current.  Along  the  vector  /,  Fig.  30 1  (a) , 
the  IR  drop  is  laid  off  in  phase  with  /;  at  right  angles  to  / 
and  leading,  the  IX  drop  is  laid  off.  The  vector  sxun  of  the  IR 
and  IX  drops  is  equal  to  the  IZ  drop  in  the  line.  Obviously, 
the  motor  voltage  must  be  equal  to  the  generator  voltage  minus 
the  IZ  drop,  vectorially  considered.  Therefore,  IZ  is  reversed 
and  added  to  Vgy  giving  Vm,  the  motor  voltage.  It  will  be  ob- 
served that  nxunerically  Fm  is  considerably  less  than  Vg. 

If  the  motor  now  be  over-excited,  /  will  lead  the  voltage  V^, 
By  subtracting  IZ  from  Vg,  Fig.  301  (6),  the  motor  voltage  F,, 
becomes  numerically  greater  than  Vg. 


I 


\'h 


^ 


^m 


(a)  Lagging  current;  motor  voltage        (&)  Leading  current;  motor  voltage 
less  than  generator  voltage.  greater  than  generator  voltage. 

Fig.  301. — Effect  of  line  impedance  on  synchronous-motor  voltage. 

This  gives  a  method  of  controlling  the  voltage  at  the  end  of  a 
transmission  line.  If  the  voltage  at  the  receiving  end  of  the  Une 
tends  to  change  because  of  a  change  in  the  generator  voltage  or 
in  the  line  drop,  it  may  often  be  held  substantially  constant  by 
varying  the  excitation  of  a  synchronous  motor  placed  at  the 
receiving  end  of  the  line.  In  practice,  synchronous  motors  are 
often  installed  for  purposes  of  regulation  only.  At  the  Los 
Angeles  end  of  the  240-mile  Big  Creek  Line,  two  15,000  kv-a. 
synchronous  condensers  are  installed,  their  sole  function  being 
to  hold  the  voltage  in  Los  Angeles  at  the  proper  value.  If  the 
load  were  removed  and  no  such  regulating  devices  existed,  this 
voltage  would  rise  to  values  considerably  in  excess  of  that  at  the 
generating  station  240  miles  away,  due  to  the  line  charging 
current  flowing  through  the  line  reactance. 
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Even  without  the  adjustment  aecured  by  altering  the  field 
current,  a  synchronous  motor  tends  to  wiMntjiin  constant  volt- 
age at  the  end  of  a  tranamismon  line  having  reactance.  B  the 
voltage  at  the  motor  terminals  drops,  its  back  emf.  tends  to 
exceed  the  terminal  voltage  and  the  motor  must  then  take  a 
leading  current  in  order  to  operate.  This  leading  cuitent,  flowing 
through  the  line  reactance,  tends  to  maintain  the  motor  voltage, 
as  a  leading  current  flowing  through  reactance  tends  to  produce  a 
rise  of  voltage  from  generator  to  load.  On  the  other  hand,  a  rise 
of  voltage  at  the  motor  temunals  tends  to  cause  the  motor  to 
operate  under-excited.  This  increases  the  drop  from  generator 
tu  load  and  tends  to  cause  t^  voltage  at  the  load  to  decrease. 


.,;?s;?;^-e 


Fta.  302. — Synchronoua  motor  tor  controUing  voltage  &teDdot 


The  effect  of  the  synchronous  motor  on  voltage  control  may 
be  shown  by  a  laboratory  experiment,  the  connections  for  which 
are  given  in  Fig.  302.  A  synchronous  motor,  running  either 
light  or  partly  loaded,  is  supplied  from  constant  potential  mains 
through  three  series  reactances,  one  in  each  main.  A  lamp  load 
or  an  induction-motor  load  is  connected  in  parallel  with  the  syn- 
chronous motor.  Vary  the  lamp  load  or  the  induction-motor  load 
and  maintain  the  synchronous  motor  terminal  voltage  V_  con- 
stant by  varying  its  field  current.  It  will  be  found  that  the 
field  current  must  be  materially  increased  as  the  load  is  increased. 
Figure  303  shows  the  general  trend  of  the  curve  giving  the  rela-. 
tion  between  the  field  current  and  the  load. 
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It  is  also  instructive  to  keep  the  lamp  load  or  the  induction 
motor  load  constant  and  at  the  same  time  to  obtain  a  V-curve 
and  find  the  relation  of  Vm  to  the  synchronous  motor  field  cur- 
rent. The  results  of  such  a  test  are  shown  in  Fig.  304.  Vm  is 
considerably  lower  than  Vg  for  low  values  of  field  current,  but 
after  unity  power-factor  is  reached,  Vm  exceeds  Vg. 
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Fig.  303. — Relation  of  field 
current  to  load  at  motor, 
motor  voltage  constant. 


Fig.   304. — Effect  of  field  current  on  motor 
voltage  at  constant  load. 


134.  Industrial  Applications  of  the  Synchronous  Motor. — 
Single-phase  synchronous  motors  are  rarely  used  in  practice. 
Like  the  single-phase  induction  motor,  the  direction  in  which  they 
rotate  is  determined  by  the  direction  in  which  they  are  started. 
Unlike  the  polyphase  synchronous  motor,  they  will  not  start 
by  induction  motor  action  but  must  be  brought  up  to  speed  by 
other  means.  Polyphase  synchronous  motors  are  commonly 
used. 

The  inherent  disadvantages  of  the  synchronous  motor  are  that 
it  requires  a  direct-current  supply  for  its  excitation,  its  starting 
torque  is  very  small,  and  the  motor  is  very  sensitive  to  system 
disturbances  and  may  fall  out  of  step  when  these  occur.  On  the 
other  hand,  the  ease  with  which  its  power-factor  can  be  controlled 
is  a  distinct  advantage,  often  outweighing  all  the  disadvantages. 
The  fact  that  its  speed  is  constant  is  of  little  moment,  since 
induction  motors,  especially  in  the  larger  sizes,  have  only  1  or  2 
per  cent,  speed  regulation. 

The  synchronous  motor  is  used  only  in  the  larger  sizes  where 
the  cost  of  attendance  per  kilovolt-ampere  is  low.  Moreover,  it 
should  not  be  used  where  there  are  sudden  applications  of  the  load, 
as  it  may  drop  out  of  step  under  such  conditions.  An  important 
field  of  use  is  in  connection  with  motor-generator  sets  where  a 
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\&rftfi  unit  is  required  aod  where  any  sudden  changes  of  load  are 
partly  absorbed  by  the  inertia  of  the  direct-current  armature. 
A  few  such  motors,  nituated  at  various  points  in  a  large  syatem, 
may  make  it  possible  to  operate  the  generating  station  and  many 
of  the  transmission  lines  and  sub-stations  at  high  power-factOT, 
in  spite  of  low  power-factor  in  the  consumers'  loads. 

Even  with  these  advantages  of  the  synchronous  motor,  eleetn- 
cal  engineers  often  prefer  to  use  induction  motors  for  motor- 
generator  sets,  because  of  their  simplicity  and  greater  reliability. 


305. — Synchronous  motors  driviog  direct-cuiTent  eeDerators. 


Figure   305  shows  synchronous  motors   drivir^  direcl^current 
generators  in  a  sub-station. 

Electric  Propulsion. — Synchronous  motors  are  also  coming 
into  use  for  the  electric  propulsion  of  cargo  and  merchant  ships. 
Such  ships,  when  under  way,  operate  at  a  constant  speed  and  the 
constant-speed  characteristic  of  the  synchronous  motor  is  not  a 
disadvantage,  therefore.  As  such  motors  can  be  operated  at 
unity  power-factor,  the  weight  of  motor,  generator  and  connect- 
ing leads  is  smaller  than  when  induction  motors  are  used.  This 
matter  of  weight  is  important  in  marine  work.  The  air-gap  of 
synchronous  motors  is  considerably  greater  than  that  of  induc- 
tion motors  and  the  mechanical  difficulties  which  a  short  airrgap 
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involves,  such  as  very  accurate  alignment,  etc.,  are  not  present 
when  synchronous  motors  are  used.  Owing  to  the  salient-pole 
feature  of  the  synchronous  motor,  stator  coils  may  be  replaced 
without  removing  the  rotor.  Also,  the  field  windings  on  the 
salient  poles  are  less  subject  to  injury  than  the  embedded  con- 
ductors in  the  rotor  of  an  induction  motor.  The  dampers  of 
synchronous  motors  used  for  electric  propulsion  are  designed  to 
give  moderately  high  torque  on  starting,  reversing,  etc.  Both 
the  speed  and  the  voltage  of  the  generator  may  be  varied,  so  that 
the  motors  have  different  starting  characteristics  from  those  ex- 
isting at  constant  frequency  and  constant  voltage. 

Frequency  Changers. — It  is  sometimes  necessary  to  supply 
electric  power  from  one  electric  system  to  another  electric  system 
of  different  frequency.  A  common  method  is  to  use  synchronous- 
motor-alternator  sets.  The  synchronous  motor  and  the  alter- 
nator must  have  a  different  number  of  poles,  the  number  of 
poles  in  each  being  proportional  to  the  frequency  of  the  system 
to  which  the  particular  machine  is  connected.  For  example,  if 
the  frequency  is  being  changed  from  60  to  25  cycles,  the  number 
of  poles  of  the  synchronous  motor  must  be  to  the  number  of 
poles  of  the  alternator  in  the  ratio  of  60  to  25  or  12  to  5.  The 
highest  speed  at  which  this  ratio  of  frequencies  can  be  obtained 
will  require  a  set  having  a  24-pole  synchronous  motor  and  a 
10-pole  alternator.     The  set  will  operate  at  only  300  r.p.m. 

Except  in  very  large  units,  electrical  machines  operating  at 
this  very  low  speed  would  be  costly.  A  10-pole,  4-pole  combina- 
tion gives  either  a  frequency  ratio  of  60  to  24  cycles  or  a  frequency 
ratio  of  62.5  to  25  cycles  and  operates  at  750  r.p.m.  Because  of 
its  greater  speed,  this  combination  is  often  used,  even  if  it  does 
not  give  an  exact  60  to  25  cycle  ratio. 

It  is  often  difficult  to  synchronize  such  a  set,  as  it  must  be 
synchronized  with  both  systems.  If  the  alternator  voltages  are 
out  of  phase  with  their  respective  line  voltages,  the  synchronous 
motor  must  be  made  to  slip  a  pole  at  a  time  until  the  alternator 
voltages  are  in  phase  with  their  respective  line  voltages.  The 
load  is  shifted  either  by  advancing  the  phase  of  the  system 
supplying  the  power,  as  by  opening  the  turbine  governors,  or  by 
retarding  in  some  manner  the  phase  of  the  voltage  in  the  system 
receiving  the  power. 
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136.  S]rnchronoii8  Motors  of  Very  Small  Size. — ^Because  of 

their  absolutely  constantHspeed  characteristics,  synchronous 
motors  are  very  useful  for  driving  such  devices  as  must  be  held 
in  absolute  synchronism  with  the  supply  frequency.  Such  uses 
involve  the  measurement  of  slip  in  the  induction  motor  (see 
page  273),  the  driving  of  oscillograph  mirrors,  stroboscopic 
devices,  mechanical  rectifiers,  etc. 

As  the  power  required  of  such  motors  is  extremely  small  and 
the  matter  of  low  power-factor  is  of  no  moment,  they  are  often 
made  to  operate  without  direct-current  excitation.  In  Fig.  306, 
(a)  and  (6),  are  shown  motors  of  this  type.  In  (a),  the  four-jx)le 
armature  consists  of  a  cruciform-shaped  piece  of  iron  with  the 


(a)  4Polei  {D  la  Poles 

Fig.  306. — Miniature  synchronous  motors. 

spaces  filled  with  wood  to  make  the  armature  cylindrical.  The 
field  is  made  up  of  U-shaped  laminations  and  is  excited  from  the 
alternating-current  supply 

When  the  armature  is  brought  up  to  speed,  two  diametrically 
opposite  armature  poles  are  attracted  to  the  field  poles  as  the  flux 
is  increasing.  Because  of  the  inertia  of  the  armature,  it  continues 
to  rotate  when  the  flux  is  passing  through  zero.  The  next  pair 
of  poles  are  then  attracted  by  the  flux  as  it  increases  in  the 
opposite  direction.  Such  a  motor  will  therefore  run  at  constant 
speed,  provided  the  frequency  is  constant. 

A  16-pole  motor  operating  on  the  same  principle  is  shown  in 
Fig.  306  (6). 

These  motors  really  operate  on  the  principle  of  maximum  per- 
meance, although  it  will  be  recognized  that  they  are  salient-pole 
synchronous  motors  of  the  rotating-field  type,  having  no  direct- 
current  field  excitation.  Their  excitation  is  produced  by  arma- 
ture reaction. 
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136.  Methods  of  Obtaining  Direct  Current  from  Alternating 
Current. — At  the  present  time,  over  90  pfer  cent,  of  electrical 
energy  is  generated  and  transmitted  as  alternating  current.  A 
very  large  percentage  of  this  energy  is  utilized  as  alternating 
current;  for  example,  to  operate  alternating-current  motors, 
electric  furnaces,  and  many  other  types  of  electrical  appliances, 
for  illumination  purposes,  etc.  However,  there  are  many  cases 
where  the  electrical  energy  must  be  in  the  form  of  direct  current, 
even  although  the  available  supply  of  energy  is  alternating  cur^ 
rent.  For  example,  direct  current  must  be  used  for  charging 
storage  batteries,  for  electrolytic  work,  for  telephone  exchanges, 
etc.  The  direct-current  series  motor  is  practically  the  only  type 
of  motor  that  can  be  used  for  street-railway  work  and  it  is  also 
commonly  used  in  railway  electrification.  In  the  congested 
city  districts,  where  the  consumers  loads  are  large  and  close 
together,  direct-current  power  is  preferable  to  alternating-current 
power,  as  capacitive  effects  in  the  underground  cables  are  not 
present  when  direct  current  is  used  and  inductive  effects  in  the 
system  are  also  absent  with  direct  current.  Furthermore,  in 
such  loads,  the  importance  of  continuity  of  service  requires  that 
a  large  storage-battery  reserve  be  available.  This,  again,  is  an 
additional  reason  for  supplying  direct-current  service  in  such 
districts. 

As  the  power  supply  in  the  above  cases  is  almost  always  alter- 
nating current,  this  alternating  current  must  in  some  manner  be 
changed  to  direct  current.  There  are  several  methods  of  ac- 
complishing this,  the  most  common  being  the  following: 

1.  Mechanical  rectifier — commutating  type. 

2.  Mechanical  rectifier — ^vibrating  type. 

3.  Mercury-arc  rectifier. 

4.  The  Tungar  rectifier. 

5.  Electrolytic  rectifier. 

6.  Induction  or  S3niichronous-motor-generator  sets. 

7.  Rotary  or  S3niichronous  converter. 
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137.  Types  of  Rectifiers  and  Converters. — 1.  The  Rectifying 
Commutator, — The  rectifying  commutator  is  a  commutator  driven 
by  a  synchronous  motor.  The  segments  are  so  connected  that 
when  the  alternating  ciurent  reverses,  the  connections  to  the 
direct-current  circuit  are  simultaneously  reversed,  as  shown  in 
Fig.  307.  A  imi-directional  current  is  thus  obtained.  As  the 
brushes  cannot  have  zero  width,  it  is  diflScult  to  commutate  at 
the  point  of  zero  current  and  the  ciurent  and  voltage  are  rarely 
zero  at  the  same  time.  Hence,  such  devices  spark  more  or  less, 
and  so  are  limited  to  small  currents  and  voltages. 


A.C.  I    ff^W   1        Rectlfled 

Sapply  1    \  V        J]    m         CoiTSOt 


Fig.  307. — Commutating-type  rectifier. 

2.  The  Vibrating  Rectifier. — The  vibrating  rectifier.  Fig.  308,  is 
based  on  the  same  principle  as  the  rectifying  commutator,  except 
that  the  circuit  connections  are  reversed  by  contacts  which  are 
opened  and  closed,  synchronously,  by  alternating-current  mag- 
nets and  a  polarized  armature.  This  type  of  rectifier  ordinarily 
is  designed  for  use  on  110-volt,  60-cycle  circuits.  The  circuit 
voltage  is  reduced  by  means  of  a  step-down  transformer,  the 
secondary  of  which  has  a  middle  tap.  This  secondary  excites 
two  series-connected,  altemating-cmrent  magnets,  which  are  so 
connected  that  they  both  have  the  same  polarity  on  correspond- 
ing ends  at  every  instant.  The  vibrator  is  a  soft-iron  bar  mag- 
net, pivoted  below  these  alternating-current  magnets,  each  of 
its  two  ends  being  directly  beneath  one  of  the  alternating- 
current  magnets.  This  bar  magnet  is  excited  by  direct  current 
taken  from  battery  terminals  and  has  therefore  a  fixed  polarity. 
Assume  that  at  some  particular  instant  the  right-hand  end  of 
the  transformer  secondary  is  positive.  By  following  through 
the  circuits  in  Fig.  308  it  is  seen  that  both  the  lower  ends  of  the 
alternating-current  magnets  are  north  poles.  Also,  the  left-hand 
end  of  the  bar  magnet  is  a  north  pole,  and  its  other  end  is  a 
south  pole.    This  left-hand  end  is  therefore  repelled  downwards 
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and  the  right-hand  end  is  attracted  upwards.  This  closes  the 
left-hand  contact,  which  allows  current  to  flow  into  the  left-hand 
battery  terminal,  assumed  to  be  positive.  During  the  next  half- 
cycle  the  left-hand  end  of  the  transformer  is  positive  and  the 
right-hand  end  of  the  magnet  is  repelled.  This  closes  the 
right-hand  contacts  and  current  still  flows  into  the  positive  or 
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Fig.  308.— Vibrating  rectifier. 


left-hand  side  of  the  battery.  Hence,  the  battery  receives  a  uni- 
directional current,  and  may  be  charged  from  alternating-current 
supply.  The  contact  should  open  when  the  current  is  zero. 
This  adjustment  is  made  by  means  of  the  resistance  iJ,  which 
shifts  the  phase  of  the  current  in  the  alternating-current  magnets. 
Condensers  are  connected  across  the  contacts  in  order  to  mini- 
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Anodes* 


mize  sparking.  It  makes  no  difference  how  the  battery  is  eon- 
nectedy  as  the  direction  of  excitation  of  the  vibrating  magnet 
causes  the  current  always  to  flow  into  the  positive  battery 
terminal. 

This  type  of  rectifier  is  designed  for  8  amp.  at  from  8  to  10 

volts.  Owing  to  difficulties, 
due  primarily  to  wave-form, 
it  has  not  been  entirely 
satisfactory  in  practice. 

3.  The  Mercury-arc  Rec- 
tifier.— The  mercury-arc 
rectifier  has  already  been 
mentioned  in  connection 
with  the  constant-current 
transformer  (see  page  219). 
The  principle  is  the  valve 
action  of  mercury  vapor. 
In  order  to  obtain  the  best 
operation,  the  tube  contain- 
ing this  vapor  must  be  ex- 
nnnnn  hausted  to  a  very  high 
^-^UUIJU^    vacuum.   Figure  309  shows 

a  mercury-arc  rectifier  tube 
having  four  terminals.  The 
lower  terminal  is  the  cathode, 
to  which  the  current  goesf  rom 
the  tube.  The  two  terminals, 
Aiy  i42,  are  the  anodes  from 
which  the  current  enters  the 
tube,  ils  is  a  starting  anode, 
Fio.  309.  —  Mercuiy-arc  rectifier  for  low  by  means  of  which  the  mer- 
cury arc  is  established.  Cur- 
rent then  enters  the  tube  from  either  anode,  i4 1,  i4  2,  depending  upon 
which  side  of  the  transformer  secondary,  06,  is  positive.  When 
the  current  attempts  to  reverse  its  direction,  however,  the 
mercury  vapor  acts  as  a  valve  and  prevents  any  current  entering 
the  tube  at  the  cathode.  If  only  one  anode  were  used,  the  nega- 
tive half  of  the  alternating-current  wave  would  be  eliminated  in 
each  cycle  and  the  resultant  wave  would  appear  as  shown  in 
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solid  line,  Fig.  310(a).  This  condition  of  operation  could  not  be 
maintained  with  the  mercury  arc,  because  the  arc  is  extinguished 
as  soon  as  the  current  becomes  zero. 

To  obtain  a  continuous  flow  of  current  through  the  tube,  two 
anodes,  Aiy  Azj  are  necessary,  one  anode  being  connected  to  each 
end  of  the  transformer  secondary.  When  one  end  of  the  trans- 
former becomes  negative,  the  other  becomes  positive,  so  that 
either  one  anode  or  the  other  is  always  positive.     Therefore, 


(a)  Negative  half  of  wave  cut  off. 


(6)  Negative  half  rectified; no  reactance. 


rAAAAAA- 

V  V  V  V  V  V L. 

(c)  Negative  half  rcctifiedj  reactance  producing  a 
pulsating  uni-directional  current. 

FiQ.  310. — Rectified  alternating-current  waves 


current  is  always  entering  the  tube  from  either  one  anode  or  the 
other.  Were  there  no  inductance  in  circuit,  the  rectified  wave 
under  these  conditions  would  appear  as  shown  in  Fig.  310(6). 
The  portions  of  the  wave  marked  Ai  are  due  to  anode -A  i,  and 
those  marked  As  to  anode  A2>  Each  of  these  portions  reaches 
the  zero  value  twice  for  each  cycle  of  current  supply.  This 
would  cause  the  arc  to  be  extinguished.  By  introducing  in- 
ductance in  the  circuit,  however,  the  current  is  held  over  the 

22 
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zero  point  and  the  resulting  wave  is  similar  to  that  shown  in 
Fig.  310(c),  being  more  or  less  pulsating  in  character. 

The  direct  current  leaves  the  cathode,  enters  the  positive 
terminal  of  the  battery  to  be  charged  (or  other  translating 
device)  and  flows  to  the  neutral  of  the  auto-transformer. 

The  operation  of  the  auto-transformer  is  as  follows:  Assume 
that  at  some  particular  instant,  terminal  h  of  the  transformer 
secondary,  Fig.  309,  is  positive  and  terminal  a  negative.  Current 
obviously  attempts  to  pass  from  6  to  a  through  some  external 
circuit.  One  path  is  by  way  of  the  anode  -4.2,  the  tube,  the 
cathode  and  through  the  battery  to  the  neutral  N  of  the  auto- 
transformer.  As  some  of  this  current  must  return  to  terminal  a 
of  the  transformer  secondary,  it  attempts  to  pass  through  the 
winding  Nd  of  the  auto-transformer  A  part  of  the  current  does 
pass  through  this  winding  and  in  so  doing  creates  a  flux  in  the 
core  of  the  auto-transformer  which  induces  an  emf .  in  the  winding 
Nc,  The  direction  of  this  emf.  is  such  as  to  cause  the  remainder 
of  the  current  to  flow  from  N  to  c.  This  current  flows  through 
the  local  circuit  NcAz.  This,  it  will  be  remembered,  is  the  prin- 
ciple of  the  auto-transformer  (see  page  206,  Par.  90). 

The  anode  As  is  for  starting  purposes  only.  When  the  tube 
is  tilted,  a  conducting  stream  of  mercury  is  established  between 
Az  and  the  cathode.  The  resulting  current  flow  vaporizes  some 
of  this  mercury  and  so  establishes  the  arc.  A  ballast  resistance 
R  is  necessary  in  order  to  limit  the  current  at  starting,  since  there 
is  then  a  metallic  path  of  low  resistance  between  Az  and  the 
cathode. 

For  low-voltage  circuits,  this  type  of  rectifier  has  not  as  yet 
been  developed  in  large  capacities.  Figure  311  shows  the  front 
and  rear  views  of  a  complete  rectifier  panel  such  as  would  be  used 
for  charging  vehicle  batteries. 

4.  The  Tungar.^ — The  tungar  is  based  on  the  following  prin- 
ciple: An  incandescent  filament  emits  minute  negative  charges 
called  electrons.  When  the  discharge  of  these  electrons  occurs 
in  an  electrostatic  field,  the  electrons  attain  considerable  velocity. 
If  a  gas  is  present,  these  electrons  collide  with  the  gas  atoms  and 
ionize  them.     That  is,  when  an  electron  collides  with  an  atom  of 

*For  complete  description  see  **The  Tungar  Rectifier,"  by  R.  E.  Russell, 
General  Electric  Review,  1917,  page  209. 
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gas,  that  atom  is  broken  up  into  an  electron  and  a  positive  ion. 
The  region  in  which  this  action  occurs  then  becomes  ionized. 
Ionized  gas  is  a  conductor  of  electricity. 


Figure  312  (a)  shows  a  glass  bulb  containing  an  inert  gas,  usually 
ai^on,  at  reduced  pressure,  and  also  an  ordinary  coiled  tung- 
sten filament.  Near  the  filament  is  a  graphite  anode.  A  trans- 
former ab  steps  down  the  supply  voltage  and  the  filament  is 
connected  across  its  secondary.  The  filament  then  becomes  in- 
candescent and  emits  negative  charges  or  electrons. 

One  terminal  of  the  transformer  secondary  c  and  one  end  of 
the  filament  are  connected  to  the  transformer  primary  at  b. 
The  filament  b  then  at  practically  the  same  potential  as  that  of 
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the  power-supply  line  Vb.  The  voltage  (rf  the  battery  being 
charged  is  somewhat  less  than  the  voltage  between  line  a'a  and 
line  b'h.  Therefore,  the  potential  of  the  gra|diite  anode  is  differ- 
ent from  the  potential  of  point  c,  usually  by  approximately  5  or  6 
volts.  Consequently,  during  one  half-cycle  the  potential  of  the 
filament  is  negative  with  respect  to  that  of  the  anode  and  during 
the  next  half-cycle  its  potential  is  positive  with  respect  to  that 
of  the  anode. 

When  the  filament  is  n^ative,  the  negative  charges  or  electrons 
are  repelled  by  it,  because  like  charges  repel  each  other.     These 
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Fig.  312. — Tungar  rectifier. 

electrons  attain  a  considerable  velocity  and  break  up  the  gas 
particles  into  ions.  The  region  between  the  filament  and  the 
anode  becomes  conducting  and  as  a  result  current  flows  from  a 
into  the  positive  terminal  of  the  battery,  through  the  battery 
to  the  anode,  to  c  and  then  to  6. 

When  the  filament  is  positive,  the  electrons  or  negative  charges 
which  it  tends  to  emit  due  to  its  incandescence  are  attracted 
toward  the  filament,  since  positive  and  negative  charges  attract 
each  other.  Consequently,  the  electrons  which  produce  the  ion- 
izing action  are  withdrawn  from  the  region  between  the  filament 
and  the  anode.  As  a  result  the  gas  is  no  longer  ionized  and  it 
ceases  to  be  a  conductor.  No  current  can  flow,  therefore,  during 
this   half-cycle.     The   current  can  flow  only  in  one  direction, 
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therefore,  from  the  graphite  to  the  filament,  and  the  device  acts 
as  a  rectifier.  A  very  small  and  almost  negligible  part  of  the 
current  is  due  to  the  electrons  themselves,  which  act  as  carriers 
of  negative  electricity  from  filament  to  anode. 

Figure  312  (6)  shows  the  connections  for  one  commercial  type 
of  low-voltage  tungar,  the  switches  and  cut-outs  being  omitted. 
Both  the  current  to  be  rectified  and  the  current  for  heating  the 
filament  are  supplied  by  the  transformer  secondary,  the  filament 
being  connected  between  a  2.5-volt  tap  and  one  end  of  the  sec- 
ondary. Current  regulation  may  be  obtained  by  adjusting  the 
resistance  and  the  reactance.  Where  electrical  connection  be- 
tween load  and  primary  mains  is  permissible,  an  auto-transformer 
with  taps  may  be  used. 

The  devices  shown  in  Fig.  312  eliminate  the  negative  half  of 
each  wave,  but  this  is  not  a  serious  disadvantage  when  ordinary 
batteries  are  being  charged.  However,  a  two-bulb  rectifier  sup- 
plying a  continuous,  pulsating  current  is  also  manufactured.  The 
efficiency  of  the  tungar  rectifier  is  from  35  per  cent,  in  the  smaller 
sizes  to  75  per  cent,  in  the  larger  sizes.  The  capacities  at 
present  are  not  much  in  excess  of  750  watts. 

5.  Electrolytic  Rectifiers, — Electrolytic  rectifiers  are  based  on 
the  following  principle:  If  a 
lead  plate  and  an  aluminum 
plate  be  immersed  in  a  sodium- 
or  ammonium-phosphate  solu- 
tion, current  can  pass  from  the 

solution  to  the  aluminum.     As  t  It  11+ 

soon  as  the  current  attempts 
to  reverse  and  pass  from  the 
aluminum  to  the  solution,  a 
thin  insulating  film  of  alumi- 
num oxide  is  instantly  formed 
over  the  aluminum  plate,  and  acts  as  an  insulator  up  to  about 
150  volts.  This  prevents  the  current  flowing  from  aluminum 
to  solution,  and  such  a  device  may  be  used,  therefore,  as  a  recti- 
fier. Figure  313  shows  such  a  simple  rectifier,  giving  a  continuous 
pulsating  current  like  that  shown  in  Fig.  310(6). 

Such  rectifiers  are  of  low  efficiency,  60  per  cent,  and  lower,  and 
are  of  small  capacity.     They  are  used  primarily  for  charging 
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Fig.  313. — Electrolytic  rectifier. 
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low-voltage  batteries  from  alternating-current  supply.    Their 
advantage  lies  in  their  cheapness  and  simplicity. 

6.  Induction-  or  Synchronous-motor-generaior  Sets, — None  of 
the  foregoing  devices  is  capable  of  converting  alternating  to 
direct  current  on  the  large  scale  required  in  modern  power 
systems.  To  convert  large  amounts  of  power,  induction-motor- 
or  synchronous-motor-generator  sets  may  be  employed.  The 
capacity  of  such  units  is  limited  only  by  the  size  in  which  it  is 
possible  to  construct  the  direct-current  generator.  The  dis- 
advantage of  a  motor-generator  set  is  that  it  requires  two  ma- 
chines, with  corresponding  cost  and  floor  space,  and  the  over-all 
efficiency  is  not  extremely  high,  being  the  product  of  the  effici- 
encies of  the  individual  units  of  the  set. 

7.  The  Rotary  or  Synchronous  Converter  is  a  single  machine 
which  converts  alternating  to  direct  current  or  vice  versa,  and 
may  be  built  to  convert  large  amounts  of  power  efficiently  and 
economically.  Because  it  has  only  one  armature  and  one  field, 
the  synchronous  converter  usually  costs  less  than  an  equiva- 
lent motor-generator  set.  Because  the  armature  current  is 
small,  being  the  difference  between  the  alternating  and  the  direct 
currents,  this  type  of  machine  has  a  high  efficiency  when  oper- 
ating under  favorable  conditions. 

138.  Principle  of  the  Synchronous  Converter. — It  has  already 
been  demonstrated  that  alternating  current  is  generated  in  the 
armature  coils  of  the  ordinary  direct-current  generator.  If 
taps  be  brought  out  properly  from  the  armature  winding  to  slip- 
rings,  alternating  current  may  be  taken  from  this  same  winding 
and  the  machine  becomes  an  alternator.  Such  an  alternator 
can  obviously  operate  as  a  synchronous  motor. 

The  synchronous  converter  is  constructed  like  the  ordinary 
direct-current  generator,  although  the  relative  dimensions  may 
be  different.  It  has  fixed  poles,  a  rotating  armature,  a  commu- 
tator, a  shunt  field,  and  usually  a  series  field.  In  addition  to 
the  commutator,  however,  leads  are  taken  from  the  armature  to 
slip-rings,  in  the  manner  shown  in  Fig.  314  (also  see  Figs.  316  and 
316).     Figiu'e  314  represents  a  two-pole,  single-phase  converter. 

In  the  synchronous  converter,  as  commonly  used,  alternating 
current  is  supplied  to  the  slip-rings  and  direct  current  is  taken 
from  the  commutator  and  brushes.    If,  however,  the  direct- 
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current  brushes  be  open-circuited  or  removed,  the  machine  be- 
comes, under  these  conditions,  a  synchronous  motor  of  the  rotate 
ing-armature  type.  On  the  other  hand,  if  direct  current  be 
supplied  to  the  brushes  and  commutator,  and  the  slip-ring  brushes 
be  disconnected,  the  machine  becomes  a  shunt  or  compound 
motor. 

If  the  machine  be  driven  mechanically,  and  current  be  taken 
from  the  Blip-rings  only,  it  becomes  an  alternator.  On  the  other 
hand,  if  current  be  taken  from  the  commutator  only,  it  becomes 
a  direct-current  generator.  Both  alternating  and  direct  current 
may  be  taken  from  it  simultaneously,  and  it  then  becomes  a 
double-current  generator. 


FlQ.  314. — -Two-pole,  einalo-phase,  Bynohronous  coDverier. 


In  the  synchronous  converter  as  ordinarily  used,  alternating 
current  is  supplied  to  the  slip-rings  so  that  the  machine  operates 
as  a  synchronous  motor,  so  far  as  the  alternating-cun'ent  side  is 
concerned.  At  the  same  time  direct  current  is  taken  from  the 
commutator  and  brushes,  and  therefore  this  side  of  the  machine 
has  characteristics  very  similar  to  those  of  a  shunt  or  compound 
generator.  When  operated  in  this  manner,  the  machine  is  said 
to  be  a  dire<i  synchronous  converter. 

The  machine,  however,  may  take  power  from  the  direct-current 
supply,  operating  as  a  direct-current  motor,  and  deliver  alter- 
nating current  from  the  slip-rings.    When  operated  in  this 
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manner,  the  machine  is  said  to  be  an  inverted  ^nchronoiu  con- 
verter.   This  is  not  the  usual  method  of  operation. 

139.  Polyphase  Converters. — The  output  of  a  converter 
increases  materially  with  the  number  of  phases.  For  example, 
the  rating  of  a  six-phase  converter  is  more  than  twice  its  rating 
when  operated  single-phase  (see  page  355). 

The  connections  of  polyphase  converters  are  comparatively 
simple.  For  example,  the  four-phase  converter  shown  in  Fig. 
315  requires  four  slip-rings.  The  points  at  which  the  slip-rings 
are  connected  to  the  winding  are  90  space-degrees  apart  in  the 


Fia.  315. — Two-pole,  4-ring,  4-pluue  ayiichronous  coDverter. 


two-pole  type.  If  the  machine  has  four  poles,  two  taps  from  each 
ring  to  the  winding  are  necessary.  This  is  illustrated  in  Fig.  316, 
in  which  a  three-phase,  four-pole  converter  is  shown.  Two  taps 
run  from  each  ring  to  the  winding;  in  this  case  the  taps  are  diame- 
trically opposite.  For  example,  if  the  tap  from  one  ring  connects 
to  a  portion  of  the  winding  which  at  some  particular  instant  is 
under  the  center  of  a  north  [)olc,  then  there  must  be  similar  taps 
running  from  this  same  ring  to  every  point  of  the  winding  which 
lies  at  that  instant  under  the  center  of  a  north  pole.  (See  points 
a,a,  Fig.  316). 
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A  flix-phase,  six-pole  synchronous  converter  wUl  have  six  slip- 
rings  and  three  taps  from  each  slip-ring,  making  a  total  of  18 
taps  to  the  winding. 

A  simple  rule  for  obtainii^  the  number  of  taps  to  the  winding 
is  to  remember  that  if  the  machine  has  n  phases,  there  must  be  n 
slip-ring  taps  for  every  360  electrical  space-degrees,  or  for  every 
pair  of  poles.  {This  does  not  hold  for  single-phase.)  For  ex- 
ample, in  Fig.  316  there  must  be  three  taps  for  each  pair  of  poles, 
or  six  taps  in  all.     Figure  327,  page  357,  shows  how  the  taps  are 


Fia.  316.— Three-phase,  4-pote,  synehi 


brought  out  from  the  armature  to  the  slip-rings  in  a  14-pole, 
six-phase  converter. 

It  is  to  be  noted  that  the  slip-ring  taps  must  be  brought  out  at 
equidistant  points  along  the  winding,  in  order  that  the  alter- 
nating voltages  may  be  balanced.  Hence,  the  direct-current 
windings  that  can  be  used  for  a  synchronous  converter  are  more 
or  less  restricted,  for  the  number  of  coils  must  be  divisible  by  the 
number  of  slip-ring  taps. 

140.  Sii^le-phase  Voltage  Ratios  in  a  Synchronous  Converter. 
In  a  synchronous  converter,  both  the  alternating  and  the  direct- 
current  electromotive  forces  are  induced  by  the  same  system  of 
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conductors,  cutting  the  same  field.  Therefore,  there  must  -be  a 
fixed  ratio  between  the  direct-current  and  the  alternating* 
current  induced  electromotive  forces. 

In  a  single-phase  converter,  there  are  the  same  niunber  of 
active  conductors  between  the  direct-current  brushes  as  between 
the  alternating-current  slip-rings,  as  will  be  seen  in  Fig.  314. 
The  same  number  of  conductors,  cutting  the  same  field,  gives 
both  the  direct-current  emf.  and  the  single-phase  emf. 

It  will  be  remembered  that  the  electromotive  force  between 
the  brushes  of  a  direct-current  generator  is  the  sum  of  the  emf. 
waves  generated  in  each  of  the  individual  conductors  connected 
in  series  between  the  brushes.  The  resulting  electromotive 
force  is  the  peak  value  of  the  resulting  wave,  as  is  shown  in  Fig. 

Bonltaiit d.e. emf.  ^  D.C. Voiti  at *vSL 

rAXax.  A.C  Volte  A.C.  Volte 


Fio.  317. — ^Relation  between  direct  and  alternating  induced  emfs.  in  a  syn- 
chronous-converter armature. 

317(a).  (Also  see  Vol.  I,  page  219,  Pars.  164  and  165).  For 
simplicity,  Fig.  317(a)  shows  only  the  wave  resulting  from  two 
coils  between  slip-rings  spaced  90**  apart. 

In  a  single-phase  machine,  there  are  just  as  many  conductors 
between  the  slip-ring  taps  as  between  the  brushes.  Therefore, 
the  resultant  alternating  emf.  wave  between  slip-ring  taps  is 
found  by  adding  together  the  alternating  waves,  90**  apart,  point 
by  point,  as  shown  in  Fig.  317(6).  Comparing  Figs.  317(a) 
and  317(6),  it  will  be  noted  that  the  direct-current  emf.  is  equal 
to  the  peak  value  of  the  alternating  emf. 

Therefore,  in  a  single-phase  converter,  the  direct-current  ind%Lced 
electromotive  force  is  equal  to  the  \/2  times  the  effective  value  of 
the  single-phase  aUemating-current  induced  electromotive  force. 
This  ratio  may  be  modified  by  wave  form  as  in  the  split-pole 
converter  (page  361). 

141.  Polyphase  Voltage  Ratios  in  a  Sjrnchronous  Converter. — 
It  will  be  remembered  that  the  total  single-phase  electromotive 
force  generated  in  an  alternator  armature  is  the  vector  sum  of 
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the  individual  inductor  electromotive  forces,  as  shown  in  Fig. 
318.  In  (a),  the  several  conductors  upon  the  surface  of  the 
armature  are  shown.  In  (6)  are  the  vector  electromotive 
forces  generated  in  the  various  conductors,  together  with  their 
vector  sum   (also  see  page   121,   Par.   58).     The  total  single- 
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FiQ.  318. — Relation  of  induced  emfs.  to  belt  span,  in  a  closed  armature  winding 

phase  voltage  is  the  diameter  of  a  circle  drawn  to  the  pro  per 
scale,  as  shown  in  Fig.  318(6).  The  three-phase  electromotive 
force  is  the  vector  sum  of  the  individual  electromotive  forces 
included  within  a  120°  arc,  Fig.  318(6).  The  four-phase  electro- 
motive force  is  the  vector  sum  of  the  electromotive  forces  in- 
cluded within  a  90°  arc,  and  the  six-phase  electromotive  force  is 
the  vector  sum  included  within  a  60°  arc. 

This  gives  a  simple  method  for  obtaining  the  various  electro- 
motive force  relations  in  a  con- 
verter armature.  Draw  a  circle, 
Fig.  319,  whose  diameter  is  100 
units.  Let  this  represent  a  single- 
phase  electromotive  force  of  100 
volts,  effective.  The  direct-current 
electromotive  force  will  then  be 
V2  X  100  =  141.4  volts,  which  is 
shown  by  extending  the  diameter.       Fig.  319.— Relations  e?cistin« 

The  three-phase  electromotive  force     among  voltages  in  a  synchronous- 
^  converter  armature. 

is  the  length  of  a  chord  subtendmg 

an  arc  of  120°,  or  86.6  volts.  The  four-phase  electromotive  force 
is  the  length  of  a  chord  subtending  90°,  or  70.7  volts.  The  six- 
phase  electromotive  force  is  the  length  of  a  chord  subtending 
60°,  or  50  volts. 


Single4>ha8e-100  Volts. 


8-Phaae-86.6yolt8 


4-Ph88e-70.7  Volta 


6-Pha8e-50  Volts 
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Below  are  tabulated  these  results: 


Emts. 

D.  C. 

Sl<«OLB- 

Pbask 

Trrbb- 
Phasb 

Foum- 
Phasb 

Soc- 
Phasb 

141.4 

100 

86.6 

70.7 

50 

Ratio  or  A.  C.  Eicrs.  to  D.  C.  Emf. 
0.707  0.612  0.50  0.354 

142.  Current  Ratios  in  a  Sjrnchronous  Converter. — ^The  rela- 
tions between  the  direct  and  alternating  currents  in  a  synchronous 
converter  may  be  determined  as  follows: 

Single-phase: 

If  the  efficiency  is  assumed  to  be  100  per  cent,  and  the  power- 
factor  unity 

VI  =  Vi  7i 

7=F.=W     ^^  =  1-414^  (76) 

where  V  and  I  are  the  direct-current  voltage  and  current  respec- 
tively and  Vi  and  7i  are  the  single-phase  voltage  and  current 
respectively. 
If  the  efficiency  be  ri  and  the  power-factor  P.f ., 

VI  =  VJi  XPI'.Xv 
The  single-phase  current 

In  practice,  the  efficiency  is  from  92  to  96  per  cent,  and  the 
power-factor  is  rarely  allowed  to  drop  below  0.9. 
Three-phase: 
At  100  per  cent,  efficiency  and  unity  power-factor 

VI  =  V^Vzh 

where  Vz  is  the  three-phase  line  voltage  and  h  the  three-phase 
line  current. 

but 

V         141 4 
.    f.  =  S  =  1;«3  (Par.  141) 

/,  =  0.943  /  (78) 
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If  the  efficiency  be  ri  and  the  power-factor  PJ^.,  the  three-phase 
line  current 

T         0-943 1 

Four-phase: 

At  100  per  cent.  eflBciency  and  unity  power-factor 

VI  =  2\/27,7, 

where  Fj  is  the  voltage  between  adjacent  lines  and  /»  is  the  four- 
phase  line  current,  Fig.  320. 


/,  = 


VI 


2\^  Vi 


h  =  I 
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J^=2 
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=  0.707  I 
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Fio.  320. — Currents  and  voltages  in  a  4-phase  synchronous-converter  armature. 

If  the  efficiency  be  rj  and  the  power-factor  PJP.,  the  four-phase 
line  current 

Six-phase: 

The  six-phase  system  may  be  considered  as  composed  of  two 
Y-systems,  or  two  delta  systems,  each  having  one-half  the  capac- 
ity of  the  six-phase  system.  (See  Par.  149,  page  364.)  Figure 
321  shows  a  six-phase  double- Y  connection  in  which  the  six- 
phase  voltages  between  adjacent  lines  and  to  neutral  are  V%.  A 
current  /e  flows  in  each  line.  As  the  six  phases  are  all  connected 
together  at  the  neutral,  this  system  may  be  split  into  two  equal 
Y-systems,  Fig.  321(6),  each  having  Fe  volts  to  neutral.  The 
output  of  each  Y-system  at  unity  power-factor  is  SFe/e  watts. 
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At  100  per  cent,  efficiency  aind  unity  power-factor 
VI  =  2(3FJ,)  =  6VJt 


but 


^'  -  6T.^ 


V_ 


141.4 
50 


=  2.828  (Par.  141) 


6 


(82) 


(o)  (6) 

FiQ.  321. — Currents  and  voltages  in  a  double-Y,  G-phase  system. 

If  the  efficiency  be  r/  and  the  power-factor  PJP.^ 

0.471  / 


/«  = 


V  X  P.F. 


(83) 


Summarizing  the  above,  (for  unity  power-factor  and  100  per 
cent,  efficiency): 


No.  OF 
SUP-RINGB 

2 
3 
4 
6 


No.  OP 
Phases 

1 

3 
4 
6 


Ratio 

AC  /    DC 

1.414 
0.943 
0.707 
0.471 


Example, — A  500  kw.  converter,  Fig.  322,  has  an  efficiency  of  92  per  cent, 
at  full  load  and  operates  at  a  power-factor  of  0.94.    The  direct-current 
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voltage  is  550  volts.    The  alternating-current  side  is  operated  six-phase. 
Find  the  direct  current  and  all  the  A.C.  line  currents  and  voltages. 

F  =  550 

-       500,000     ^^^ 
I  =  — ,*       =  909  amp. 
oou 

Vt  =550  X  0.354  =  195  volts  between  adjacent  lines  and  to  neutral. 

From  equation  (83) 

,        909  X  0.471        .^.  ,.  , 

'  ^  0.92  X  0.94  "         ^^^'  ^®^ 


47a 


6600 


Volts 


6tiU0 

eaoo  Volts 


i 


47a 


Volts 


47a 


496a 


Ser.  Field 


)60V,(D.O.) 


909a 


Fio.  322. — Currents  and  voltages  in  a  6-pha8e,  500  kw.,  synchronous  converter 

and  transformers. 


143.  Conductor  Currents  in  the  Armature  of  a  Converter. — It 

has  already  been  pointed  out  that  the  synchronous  converter  has  a 
high  efficiency  because  the  ne^  current  in  each  armature  conductor 
is  the  difference  between  the  alternating  current  and  the  du-ect 
current  which  would  of  themselves  exist  in  that  conductor.  The 
reason  for  this  is  obvious.  The  alternating  current  entering 
through  the  slip-rings  is  a  motor  current,  driving  the  machine  as  a 
synchronous  motor  and  is  therefore  in  opposition  to  the  induced 
electromotive  force.  The  armature  current  which  is  delivered 
by  the  commutator  to  the  brushes  is  a  generator  current  and  is 
therefore  in  conjunction  with  the  induced  electromotive  force. 
Both  the  alternating  and  the  direct  current  utilize  the  same  con- 
ductors, rotating  in  the  same  field.  Under  these  conditions 
the  two  currents  must  flow  in  opposite  directions.  Therefore, 
the  net  current  in  each  conductor  must  be  the  difference  between 
the  motor  current  and  the  generator  current. 

The  wave-form  for  the  resultant  current  in  the  various  conduc- 
tors is  very  irregular  and  differs  for  the  different  armature 
conductors.  The  value  of  the  resultant  current  also  differs  hi 
the  different  conductors,  ^ 
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Consider  conductor  a.  Fig.  323,  which  lies  midway  between 
two  slip-ring  taps.    First  consider  the  direct  current  in  this 

conductor  as  the  conductor 
moves  through  successive  po- 
sitions 1,  2,  3,  4.  If  the  load  be 
assumed  constant  and  the  width 
of  the  brush  be  neglected,  the 
direct  current  will  be  positive, 
and  will  not  vary  as  the  con- 
ductor moves  from  (1)  to  (2)  to 
(3).  At  (3),  the  brush  position, 
the  current  reverses  abruptly 
and  then  remains  constant  until 
the  conductor  reaches  position 
(1).  This  is  shown  in  Fig.  324(a). 
The  conductor  a  is  midway 
between  slip-ring  taps,  so  that  it 
is  at  the  center  of  the  alternating-current  phase-belt  which  is 
included  between  these  slip-ring  taps.    The  phase  of  the  electro- 


Fxo.  323. — Relative  positions  of  con- 
ductors and  slip-ring  taps. 
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A.C.  Cnmbt 


I  I 

(a)  D.C.  and  A.C  Currents  In  Ooudaotor  a,  P.F.»1.0 


(6)  Resultant  Current 

Fio.  324. — Current  at  unity  power-factor  in  a  conductor  midway  between  slip- 
ring  taps. 


motive  force  in  a. is  the  same  as  that  of  the  resultant  electro- 
motive force  of  the  entire  belt.    This  is  evident  from  a  study  of 
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Fig.  318,  page  347,  although  a  conductor  at  the  exact  center  of 
the  winding  is  not  shown  in  that  figure. 

Assume  that  the  current  is  in  phase  with  the  induced  electro- 
motive force.  When  a  is  in  position  (1),  Fig.  324,  the  alternating 
current  in  the  entire  phase  belt  is  zero;  when  a  reaches  position 
(2),  the  current  is  a  maximum;  etc.  This  current  is  plotted  in 
Fig.  324(a),  a  sine  wave  being  assumed  The  alternating  current 
is  opposed  to  the  direct  current,  since  one  is  a  motor  current  and 
the  other  a  generator  current  for  the  same  induced  electromotive 
force.  The  resultant  current  is  found  by  adding  the  two  cur- 
rents, point  by  point,  the  result  being  shown  in  Fig.  324(6).  This 
resultant  current  is  irregular  in  form,  and  its  effective  value  is 
small  compared  to  that  of  either  of  the  component  currents. 

This  resultant  current,  though  periodic,  is  not  a  sine  wave, 
and  therefore  must  be  made  up  of  a  current  wave  of  fundamental 
frequency  and  higher  harmonics.  As  the  current  is  assumed  to 
be  in  phase  with  the  induced  electromotive  force,  the  product 
of  this  current  of  fundamental  frequency  and  the  induced  electro- 
motive force  gives  the  power  necessary  to  supply  the  rotational 
losses,  which  include  friction,  windage,  and  core  losses. 

Next  consider  conductor  6,  Fig.  323,  at  one  of  the  slip-ring 
taps,  but  in  the  same  phase  belt  as  a.  As  this  conductor  passes 
through  the  successive  positions  (1),  (2),  (3),  and  (4),  the  direct 
current  is  the  same  for  each  position  of  b  as  it  was  for  the  cor- 
responding position  of  a.  This  direct  current  is  plotted  in  Fig. 
325  (a).  The  alternating  current  in  b  must  be  the  same  as  in  a, 
for  the  two  are  in  the  same  phase-belt  and  so  are  in  series.  When 
conductor  b  is  in  position  (1),  a  is  in  position  (4),  and  therefore 
the  current  in  both  a  and  6  is  a  positive  maximum,  from  Fig.  324. 
When  b  reaches  (2)  the  current  is  zero,  etc.  This  current  is  plotted 
in  Fig.  325  (a).     The  resultant  current  is  shown  in  Fig.  325  (6). 

It  will  be  noted  that  the  resultant  current  in  6  is  distinctly 
greater  in  magnitude  than  the  current  in  a,  Fig.  324  (6).  There- 
fore, the  heating  in  the  conductors  nearer  the  slip-ring  taps  will 
be  greater  than  it  is  in  the  conductors  midway  between  tape. 
On  the  other  hand,  it  can  be  similarly  shown  that  the  heating 
in  conductor  c,  in  the  same  phase-belt  as  a  and  b  but  at  the  other 
tap,  is  different  from  the  heating  in  either  a  or  6,  if  the  power- 
factor  is  other  than  unity. 
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The  converter  rating  is  determined  by  the  aUowable  tempera* 
ture  of  the  hottest  part  of  its  armature.  Although  the  conductors 
midway  between  slip-ring  taps  are  operating  at  temperatures 
lower  than  the  allowable  safe  values,  the  converter  rating  must 
be  adjusted  to  conform  to  the  safe  temperature  limits  of  the  con- 
ductors whose  temperature  is  highest. 

The  greater  the  number  of  phases,  the  greater  will  be  the 
number  of  slip-ring  taps.    This  will  produce  a  lesser  temperature 


(2)  (8) 

A<Ca  Cor  "cnt 


(a)  D.C.  and  A.C.  Oarrenu  ia 
Conductor  b,  P.F.-1.0 


(6)  Resultant  Current 
Fio.  325. — Current  at   unity   power-factor  in   a   conductor   at  slip-ring   tap. 

range  due  to  difference  in  position  of  the  various  armature  con- 
ductors, because  the  resultant  of  the  direct  and  the  alternating 
current  for  conductors  located  near  the  sUp-ring  taps,  which 
conductors  operate  at  the  highest  temperature,  is  decreased  in 
magnitude.  The  average  heating  for  all  the  conductors  will  be 
reduced,  which  will  permit  an  increase  in  rating  for  the  converter. 
The  rating  of  a  given  converter  increases  rapidly  with  increase 
in  the  number  of  phases,  as  shown  in  Table  144. 

Table  144  gives  the  rating  of  a  converter  for  different  numbers 
of  phases,  the  output  as  a  direct^urrent  generator  being  taken 
as  unity. 
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Table  144. — Effect  of  Number  of  Phases  and  op  Power- 
factor  ON  the  Output  of  a  Synchronous  Converter 


No.  OF 

Phases 

P.P. -1.0 

P.P.  =  0.9 

1 

0.85 

0.74 

D.  C. 

1.00 

1.00 

3 

1.33 

1.09 

4 

1.65 

1.28 

6 

1.93 

1.45 

12 

2.18 

1.58 

The  considerable  gain  in  rating  obtained  by  operating  a  con- 
verter six-phase  is  the  reason  that  six-phase  converters  are  so  com- 


(a)  D.C.  and  A.C.0arrent8  in  Oondaotov  b,  P.Fr=L  0.71 


(jb)  Besultant  Current 
Fig.  326. — Effect  of  low  power-factor  on  current  in  conductor  at  slip-ring  tap. 

monly  used.    The  advantage  of  the  gain  obtained  by  operating 

twelve-phase  is  usually  offset  by  the  added  wiring  complications. 

145.  Effect  of  Power-factor  on  Converter  Rating. — The  rating 

and  efficiency  of  a  converter  decrease  much  more  rapidly  with 
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decrease  in  power-factor  than  is  the  case  with  other  types  of 
alternating-current  machinery.  This  results  from  the  rapid 
increase  in  the  resultant  current  in  the  converter  armature  with 
phase  displacement  between  the  alternating  and  the  direct-cur- 
rent waves.  Assume  that  in  Fig.  326  the  alternating  current 
lags  the  induced  electromotive  force  by  45°.  This  corresponds 
to  a  power-factor  of  0.71.  For  the  same  power  and  electromotive 
force,  the  alternating-current  wave  must  be  increased  to  1/0.71, 
or  1.41,  times  the  value  shown  in  Fig.  325.  This  current  wave 
is  shown  in  Fig.  326(a).  It  is  to  be  noted  that  the  resultant 
wave  shown  in  Fig.  326(6)  has  been  increased  considerably  in 
magnitude  over  the  value  shown  in  Fig.  325(6).  Hence,  for  the 
same  heating  in  the  two  cases,  it  would  be  necessary  to  lower 
by  a  considerable  amount  the  output  of  the  converter  operating 
at  a  power-factor  of  0.71.  Table  144  shows  the  large  reduction 
in  rating  caused  by  lowering  the  power-factor  from  unity  to  0.9. 

At  values  of  power-factor  other  than  those  near  unity,  the 
synchronous  converter  loses  most  of  its  advantages  over  the 
motor-generator  set.  Therefore,  a  converter  should  be  operated 
at  a  power-factor  which  is  very  nearly  unity. 

146.  Armature  Reaction  in  a  Converter. — At  imity  power- 
factor,  the  resultant  current  in  a  converter  armature  is  compara- 
tively small,  as  shown  in  Fig.  324(6).  Therefore,  the  armature 
reaction  is  correspondingly  small  and  there  is  practically  no 
distortion  of  the  field.  As  a  result,  the  machine  commutates 
very  much  better  than  when  operating  as  a  direct-current  gener- 
ator carrjdng  the  same  load.  When  the  power-factor  decreases, 
the  resultant  armature  current  increases,  as  shown  in  Fig.  326(6). 
As  the  rotational  losses  do  not  change  to  any  great  extent  with 
change  of  power-factor,  the  power  necessary  to  overcome  these 
losses  changes  only  a  small  amount  with  change  of  power-factor. 
Hence  the  energy  component  of  the  fundamental  of  the  resultant 
current  changes  only  a  small  amoimt  with  change  of  power- 
factor,  since  the  power  necessary  to  rotate  the  armature  is  equal  to 
this  energy  component  multipUed  by  the  back  electromotive 
force.  Therefore,  at  power-factors  less  than  unity,  practically 
the  only  current  which  is  added  to  the  energy  current  existing  at 
unity  power-factor,  is  a  quadrature  current,  lagging  or  leading 
the  induced  electromotive  force  by  90  time-degrees.     Only  the 
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energy  component  or  the  component  of  current  in  phase  with 
the  induced  electromotive  force  produces  cross  magnetization 
(see  page  132).  When  the  converter  is  operating  direct,  any 
current  in  quadrature  with  the  induced  electromotive  force 
merely  strengthens  or  weakens  the  field,  depending  upon  whether 
the  current  lags  or  leads.  Consequently,  there  is  magnetizii^ 
action  upon  the  fields  when  the  current  lags  and  demagnetizing 
action  when  the  current  leads.  (See  Chap.  X,  Pars.  126  and  127, 
pages  309  and  312.)  As  a  result,  the  added  quadrature  current 
merely  strengthens  or  weakens  the  field  but  does  not  distort  it. 
Hence  there  is  little  or  no  sparking  in  a  converter  armature  due 
to  field  distortion. 


Fto.  327. — Artnature  of  a  4,000-kw.,  625-volt,  General  Electric  aynchrououe 

It  will  be  remembered  (see  Vol.  I,  page  280),  that  in  a  direct- 
current  machine,  an  electromotive  force  of  self-induction  exists  in 
the  armature  coils  which  are  undergoing  commutation.  It  is 
desirable,  therefore,  that  a  counter  electromotive  force,  opposite 
and  equal  to  this  electromotive  force  of  self-induction,  be  in- 
duced in  these  coils.  Otherwise,  sparking  will  exist  even  if 
there  be  no  field  distortion.  In  a  direct-current  generator,  this 
counter  electromotive  force  is  obtained  either  by  moving  the 
brushes  ahead  of  the  neutral  plane  or  by  the  use  of  commutating 
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poles.  This  counter  electromotive  force  assists  the  current  in 
the  coiLs  undergoing  commutation  to  reverse,  and  better  commu- 
tation results.  This  same  electromotive  force  of  self-induction 
exists  in  the  converter  coils  which  are  undergoing  commutation. 
Therefore,  commutating  poles  are  used  in  converters,  particularly 
in  those  of  large  capacity,  in  order  to  improve  commutation. 
The  commutating  poles  need  not  be  as  strong  as  those  which  are 
required  for  a  direct-current  machine  of  the  same  rating,  as  there 
is  little  or  no  cross-magnetization  to  be  neutralized. 

The  resultant  current  in  the  armature  conductors  of  a  con- 
verter, under  ordinary  conditions  of  operation,  is  considerably 
less  than  either  the  alternating  or  the  direct  current.  Therefore, 
a  much  larger  commutator,  in  proportion  to  the  armature,  is 
required,  than  would  be  necessary  for  a  direct-current  generator 
having  an  armature  of  the  same  size.  Converter  armatures 
have  abnormally  large  commutators,  as  shown  in  Fig.  327. 

147.  Voltage  Control. — The  ratio  of  the  direct-current  electro- 
motive force  to  the  alternating-current  electromotive  force  in  a 
converter  armature  is  fixed,  regardless  of  field  excitation.  How- 
ever, the  ratio  of  hmsh  voltage  to  slip-ring  voltage  may  be  changed 
a  limited  amount  by  varying  the  field  excitation.  The  brush 
voltage  and  the  diametrical  slip-ring  voltage,  increased  by\/2> 
differ  from  each  other  by  the  impedance  drop  through  the  con- 
verter armature.  If  this  impedance  drop  changes  either  in 
phase  or  in  magnitude,  the  ratio  of  brush  voltage  to  slip-ring 
voltage  changes.  The  impedance  drop  may  be  varied  in  phase 
and  in  magnitude  by  changing  the  excitation.  Weakening  the 
field  below  the  value  which  gives  unity  power-factor  makes  the 
current  lag,  increases  its  value  and  lowers  the  induced  electro- 
motive force.  (See  page  313,  Fig.  290.)  Strengthening  the  field 
above  the  value  which  gives  unity  power-factor  makes  the  current 
lead,  increases  its  value  and  raises  the  induced  electromotive 
force.  (See  page  311,  Fig.  288.)  The  effect  of  changing  the  field 
excitation  is  therefore  to  change  the  power-factor,  which  in  turn 
changes  the  magnitude  and  phase  of  the  impedance  drop  in  the 
armature,  as  has  already  been  explained  in  connection  with  the 
synchronous  motor  (see  pages  311  and  313).  The  ratio  of  brush 
voltage  to  slip-ring  voltage  can  therefore  be  changed  in  this  man- 
ner.    This  ratio  can  be  varied  by  only  2  or  3  per  cent,  above  and 
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below  normal  and  the  voltage  ratio  and  the  power-factor  cannot 
be  adjusted  independently. 

Series  Reactance. — It  was  shown  in  Par.  133,  page  326,  that  the 
voltage  at  the  terminals  of  a  synchronous  motor  can  be  raised 
by  over-excitation  and  lowered  by  under-excitation,  provided 
there  is  suflScient  reactance  in  the  circuit  between  the  motor  and 
the  source  of  constant  voltage.  As  the  converter  is  operating 
on  its  alternating-current  side  as  a  synchronous  motor,  it  has 
excitation  characteristics  similar  to  those  of  the  synchronous 
motor.  That  is,  over-excitation  causes  it  to  take  a  leading  current, 
and  under-excitation  causes  it  to  take  a  lagging  current.  There- 
fore, with  series  reactance  in  the  alternating-current  line,  the 
alternating  voltage  may  be  raised  and  lowered  by  changing  the 
excitation  (see  Par.  133,  page  326).  This  may  be  accomplished 
by  hand  regulation  of  the  shunt-field  rheostat,  or  automatically 
by  means  of  a  regulator,  or  by  compounding  the  machine. 

Instead  of  using  special  series  reactances,  the  transformers, 
which  are  usually  necessary  with  a  converter,  may  be  designed 
to  have  suflScient  leakage  reactance  for  this  purpose. 

The  disadvantage  of  this  method  of  voltage  control  is  that  a 
change  of  voltage  is  accompanied  by  a  change  of  power-factor. 
Lowering  the  power-factor  by  any  considerable  amount  is  not 
desirable,  because  of  the  decreased  eflSciency  and  output  which 
result.  The  voltage  and  power-factor  cannot  be  changed  inde- 
pendently. Therefore,  this  method  is  usually  limited  to  less 
than  10  per  cent,  variation  above  and  below  the  normal  voltage. 

Induction  Regulator, — The  induction  regulator  has  already 
been  described  in  connection  with  the  induction  jnotor*  (See 
page  275.)  This  type  of  regulator  may  be  connected  between  the 
transformers  and  the  converter,  and  the  alternating  voltage 
impressed  on  the  converter  terminals  may  be  raised  and  lowered 
thereby.  This  changes  the  direct-current  voltage  by  a  cor- 
responding amount.  Under  these  conditions  the  voltage  may  be 
raised  independently  of  power-factor,  but  the  extra  equipment 
is  an  objection  to  the  use  of  the  induction  regulator. 

Series  Booster. — A  low-voltage  alternator  is  often  connected  to 
the  shaft  of  the  converter.  This  alternator  has  the  same  number 
of  poles  as  the  converter.  The  armature  of  the  alternator  is  con- 
nected in  series  with  the  alternating  current  lines  supplying  the 
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converter,  aa  shown  in  Fig.  328.  By  raising  the  field  of  the  altep- 
nator  or  booster,  the  alternating  voltage  of  the  converter  is  raised. 
The  converter  voltage  may  be  lowered,  not  only  by  decreasing 
the  booster  field,  but  by  reversing  it  as  welL 

When  the  booster  voltage  is  assisting  the  converter  voltage, 
the  booster  acts  as  an  alternator  and  takes  mechanical  power  from 
the  converter  armature.  This  increases  the  energy  component 
of  the  resultant  armature  current  in  the  converter  and  hence 
changes  the  cross-magnetizing  effect  of  the  armature.  When  the 
booster  voltage  bucks  the  converter  voltage,  the  booster  receives 
electrical  energy  and  delivers  mechanical  energy  to  the  converter 


CoBwter  FIdd        Convartar 
Field  RhMstet 

Fio.  328. — SynchronouB  converter  with  series  booster. 


shaft.  That  is,  it  operates  as  a  synchronous  motor  and  tends  to 
drive  the  converter  mechanically.  Therefore,  the  energy  current 
in  the  converter  armature  is  decreased  and  may  even  be  reversed. 
This  causes  a  variation  of  the  cross  magnetization  which  in  turn 
requires  that  the  strength  of  the  conunutating  poles  be  changed 
accordingly.  This  is  accomplished  by  separate  windings  on  the 
commutating  poles,  the  current  in  these  windings  being  controlled 
by  the  booster  field-rheostat.  (For  further  information,  see 
Standard  Handbook,  Sec.  9.)  The  distinct  advantage  of  this 
method  of  control  is  that  the  voltage  may  be  varied  independ- 
ently of  power-factor.  The  objection  to  this  type  of  voltage 
control  is  the  additional  machine.  Figures  329  and  330  show 
converters  having  booster-generators. 

Transformer  Taps. — The  converter  voltage  may  be  adjusted 
approximately  to  the  desired  value  by  taps  on  the  tiansformers. 
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Owing  to  the  arcing  and  btiming  of  sliding  contacts,  the  uae  of 
transfonner  tape  b  not  common  for  adjustment  during  operation. 
Tlie  use  of  tape  for  fixed  adjustment  of  voltage  is,  however, 
common. 

Splii-poU  Comtrier. — The  split-pole  converter  is  based  on  the 
following  principle; 

The  total  di»«rt-  current  electromotive  force  generated  depends 


ou  the  unhi  iiux  between  bnidt«£,  iireepeetive  oi  the  i 
in  wbic^  ihiE  flux  i£  distributed.  The  alternating  electromotiTe 
force  depends  on  the  form  of  the  flux  wave,  as  well  HB  on  tike 
total  flux.  Therefore,  if  the  diEtribution  of  tiie  flux  be  altered 
without  changing  its  total  value,  the  altematiiig  ^ectromotive 
foroe  may  be  altered  in  value,  but  the  directHniRcut  deetztntotive 
force  will  not  be  affected. 
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In  the  9plit>-pole  converter,  the  form  of  the  altematiiig  electiD- 
motive  force  wave  ta  varied  by  means  of  auxiliary  poles  adjacent 
to  the  main  poles.  The  main  polea  are  excited  by  the  main-fieM 
winding,  and  the  auxiliary  poleg  by  a  separate  winding.  By 
ehanf^nK  the  auxiliary  f>xcitation  in  conjunction  with  the  excita^ 
tion  of  rhn  main  winding,  the  wave  form  of  the  alternating  eleo- 
tromotivK  force  may  be  changed,  thus  varying  the  ratio  of  the 
alternating-current  to  the  direct-ciirrpnt  electromotive  force. 


Fie.  830.— Wartlntfuwue  tyndi 


The  briishea  in  a  generator  muet  be  moved  forward,  in  order 
that  the  machine  may  commutate  in  the  fringe  of  a  leading  pole- 
tip  (sei^  Vol.  I,  page  28.5,  Par.  197).  To  balance  the  electromotive 
force  of  self-induction,  the  brusbea  of  the  split-pole  converter 
must  be  moved  forward,  in  order  to  commutate  in  the  fringe  of  a 
leadiuR  pole-tip.  Fig.  331.  This  fringe  must  come  from  the  main 
poles,  for  their  flux  is  nearly  constant  in  strength,  whereas  the 
flux  of  the  auxiliary  pole  is  varied  over  a  wide  range  and  may  be 
reversed  even.  Therefore,  in  a  direct  synchronous  converter,  the 
armature  must  rotate  from  main  to  auxiliary  pole,  Fig.  331, 
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whereas  in  an  inverted  ejmchronous  converter,  the  anuature  must 
rotate  from  auxiliary  to  main  pole. 


\  -  r^ 


Figure  332  shows  a  General  Electric,  spUt-pole  converter 
without  commutating  poles. 
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148.  Experimental  Determination  of  Voltage  and  Current 
Relations  in  a  Converter. — An  instructive  laboratory  experiment 
is  carried  out  with  a  converter  connected  in  the  manner  shown  in 
Fig.  333.  The  series  reactances  may  be  omitted  if  the  trans- 
formers themselves  have  suflScient  leakage  reactance.  Connect 
instruments  to  measure  the  three-phase  input,  a  voltmeter  to 
measure  the  transformer  primary  voltage,  a  voltmeter  to  meas- 
ure the  slip-ring  voltage,  ammeters  to  measure  the  currents 
between  the  transformer  secondaries  and  the  converter,  direct- 
current  instruments  to  measure  the  converter  output,  and  a 
direct-current  ammeter  to  measure  the  field  current. 

Keep  the  load  on  the  converter  constant  at  its  rated  value. 
Vary  its  field  over  the  maximum  range  of  operation,  reading  all 
instruments.     With  field  current  as  abscissas,  plot  as  ordinates: 


Series 
Reactances 


Tranaformen 


Shnnt  Field 


SL^nppps\. 


Fio.  333. — Connections  for  testing  a  synchronous  converter. 

1.  Voltages  7i,  F2,  Vzy  and  F4. 

2.  EflSciency  of  the  entire  unit. 

3.  Power-factor. 

Also,  check  the  currents  by  the  equations  of  Par.  142,  page  360. 
Note  the  effect  of  power-factor  on  eflSciency. 

Other  experiments  may  be  performed  using  these  same  con- 
nections, such  as  keeping  the  field  current  constant  at  its  normal 
no-load  value  {PJF.  =  1.0)  and  noting  the  changes  in  eflSciency 
and  power-factor  as  the  load  is  increased.  Plot  eflSciency  and 
power-factor  as  ordinates  with  output  as  abscissas. 

149.  Synchronous-converter  Connections. — Transformers  are 
usually  necessary  with  synchronous  converters.  The  direct- 
current  voltage  is  always  low  and  the  alternating  voltage  at  the 
slip-rings  must  be  still  less.  Moreover,  transformers  are  nece&- 
sary  for  obtaining  a  six-phase  from  a  three-phase  system. 
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Usually,  the  transformer  primaries  may  be  connected  either  in 
Y  or  in  delta.  The  most  common  six-phase  connections  for  the 
transformer  secondaries  are  the  "diametrical,"  the  star,  and  the 
double-Y.  (See  Fig.  321,  page  350.)  The  difference  between 
the  diametrical  and  the  star  is  that  the  secondaries  are  con- 
nected together  at  the  neutral  point  in  the  star,  whereas  three 
separate  secondaries  are  connected  across  diametrically  opposite 
points  in  the  diametrical  connection.  There  is  no  difference 
between  the  double-Y  and  the  star  if  the  neutrals  of  the  two  Y- 
systems  are  connected  together.  Other  than  a  slight  effect  on 
harmonics,  and  the  fact  that  a  neutral  is  available  in  the  double- 
Y,  there  is  little  difference  in  the  use  of  the  three  connections, 
except  with  the  split-pole  converter. 

If  the  induced  electromotive  force  of  the  converter  armature 
contains  harmonics,  there  will  be  no  circulatory  current  within 
the  armature  itself,  for  in  the  direct-current  type  of  armature 
such  as  is  used  for  the  converter,  any  electromotive  force  induced 
under  a  given  pole  in  one  part  of  the  armature  is  opposed  by  an 
opposite  and  equal  electromotive  force  induced  under  an  opposite 
pole.  However,  if  the  line  voltage  is  practically  sinusoidal  and 
the  induced  electromotive  force  of  the  converter  contains  har- 
monics, there  will  be  unbalanced  harmonic  voltages.  The 
current  due  to  these  unbalanced  voltages  will  consist  entirely  of 
harmonics  which  contribute  no  energy  but  do  heat  the  armature 
and  transformers. 

This  effect  is  negligible  in  the  ordinary  converter,  but  in  the 
split-pole  type,  the  voltage  control  depends  on  the  introduction 
of  large  harmonic  voltages  into  the  electromotive  force  wave. 
Therefore,  when  this  type  of  converter  is  used,  the  transformer 
connections  must  be  so  chosen  that  as  many  as  possible  of  the 
harmonic  currents  are  eliminated.  Most  three-phase  transformer 
connections  eliminate  the  third  harmonic  current  and  its  multi- 
ples, with  the  following  two  exceptions.  The  primaries  cannot  be 
connected  in  delta  if  the  secondaries  are  connected  either  diamet- 
rical, six-phase  star  or  double- Y,  with  the  neutrals  of  the  two 
Y-systems  connected  together,  for  the  third  harmonic  currents  in 
the  secondaries,  due  to  unbalanced  harmonic  voltages,  will  cause 
third  harmonic  currents  to  circulate  in  the  primary  delta,  producing 
extra  heating  in  the  converter  armature  and  in  the  transformers. 
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If  the  transformer  primaries  be  connected  in  Y,  with  no  neutral 
connection,  no  third  harmonic  currents  or  multiples  thereof  can 
flow  into  the  Y,  as  these  currents  are  all  in  phase  with  one  another. 
In  order  that  currents  may  flow  to  a  common  point,  there  must  be 
phase  difference,  as  the  currents  flowing  toward  the  point  must, 
be  equal  to  the  currents  leaving  the  point  at  any  instant,  or 
electricity  will  accumulate  at  the  point.  If  no  third  harmonic 
currents  can  flow  in  the  transformer  primaries,  none  can  flow  in 
their  secondaries,  hence  there  will  be  no  circulatory  harmonic 
currents  between  the  transformer  secondaries  and  the  converter 
armature  if  the  primaries  are  connected  in  Y  without  a  neutral 
connection  to  the  main  generator.     However,  if  the  neutral  of 


Yvi.  334. — Double-delta 
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the  transformer  primaries  be  carried  back  to  the  main  gener- 
ator, the  third  harmonic  currents  and  multiples  thereof  can 
return  to  the  generator  through  the  neutral.  Therefore,  the 
secondaries  cannot  be  connected  either  diametrical,  six-phase 
star,  or  double-Y  with  inter-connected  neutrals,  if  the  primaries 
are  connected  in  Y  with  a  neutral  return  to  the  generator. 

The  harmonic  currents  other  than  the  third  and  multiples 
thereof  are  not  eliminated  by  three-phase  connections,  but  they 
are  reduced  to  small  values  by  the  use  of  series  reactances  or  by 
using  transformers  having  high  leakage  reactance. 

Figure  322,  page  351,  shows  the  connections  for  a  500  kw. 
converter  and  transformers  taking  power  from  6,600-volt,  three^ 
phase,  60-eycIe  mains  and  delivering  550  volts  direct  current* 
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The  transformer  primaries  are  connected  in  delta,  and  the  second- 
aries can  be  connected  either  diametrical,  star,  or  double-Y. 
(If  this  were  a  split-pole  type  of  converter,  the  primaries  could  not 
be  connected  in  delta,  but  they  must  be  connected  in  Y  without 
neutral  return  to  main  generator.)  The  advantage  of  the  star 
and  the  inter-connected  double-Y  connection  is  the  fact  that  a 
neutral  is  accessible.  The  voltages  and  currents  at  each  part 
of  the  system  are  shown.  Unity  power-factor,  98  per  cent, 
efficiency  for  the  transformers  and  95  per  cent,  efficiency  for  the 
converter  are  assumed. 

The  double-delta  connection  of  secondaries  may  also  be  used. 
Such  a  connection  for  a  converter  is  shown  in  Fig.  334.  The 
arrows  point  in  the  relative  directions  in  which  the  voltages  act. 
No  neutral  is  available  if  this  method  of  connecting  the  trans- 
formers is  used. 

150.  The  Inverted  Synchronous  Converter. — When  a  converter 
operates  from  a  direct-current  source  and  delivers  alternating 
current,  it  is  known  as  an  inverted  synchronous  converter.  The 
direct-current  side  has  characteristics  very  similar  to  those  of  a 
shunt  or  compound  motor.  The  alternating-current  side  has 
characteristics  very  similar  to  those  of  an  alternator.  A  con- 
verter when  operating  inverted  has  the  same  rating  as  when 
operating  direct;  When  operating  from  the  alternating-current 
supply,  the  speed  of  the  converter  must  be  in  synchronism  with 
the  supply,  and  hence  constant.  When  operating  from  the  direct- 
current  supply,  the  speed  is  determined  by  the  back  electromotive 
force  and  the  flux,  just  as  in  any  direct-current  motor,  and  the 
speed  may  vary.  In  fact,  at  times  there  is  a  tendency  for  the 
inverted  converter  to  race,  so  that  inverted  converters  should 
have  speed-limiting  devices.  An  inductive  load  on  the  alternat- 
ing-current side  weakens  the  field  through  armature  reaction,  in 
the  same  manner  that  the  field  of  an  alternator  is  weakened  under 
similar  conditions.  The  weakening  of  the  field  increases  the 
speed  of  the  converter.     This  increased  speed  causes  the  current 

to  lag  still   more  (tan  9  =  "~nr")>  because    of    the    increased 

frequency.  As  the  effect  is  cumulative,  and  may  cause  the 
armature  to  reach  dangerous  speeds,  the  necessity  for  using  a 
speed-limiting  device  is  obvious. 
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A  centrifugal  device  is  often  used  to  trip  the  circuit-rbreaker 
when  the  speed  exceeds  the  safe  value.  Another  method,  not 
often  used,  ia  to  have  an  exciter  on  the  converter  shaft.  As  the 
speed  increases,  the  exciter  voltage  increases  and  the  converter 
field  is  strengthened.  This  tends  to  check  the  increase  of  speed 
of  the  converter. 

Inverted  converters  will  operate  satisfactorily  in  parallel  on 
the  alternating-current  side,  any  converter  being  made  to  take 
more  load  by  weakening  its  field. 

161.  Starting  the  Synchronous  ConverterfromtheAltemating;- 
current  Side.— There  are  several  methods  of  starting  direct  syn- 
chronous converters,  some  of  which  are  similar  to  the  methods 
used  with  the  synchronous  motor. 

If  polyphase  currents  are  supplied  to  the  armature,  a  rotating 
field  is  produced  about  the  armature,  Fig.  335.  This  is  similaF 
te  the  rotating  field  of  the  induction  motor,  except  that  it  is 
produced  by  a  rotating 
armature  about  itself.  K  the 
armature  speed  is  below  syn- 
chronism, this  field  cuts  the 
pole  faces  and  the  damper 
windings  (Fig.  339),  and  in- 
duces currents.  A  reaction 
results  between  the  rotating 
field  and  these  induced  cur- 
rents, producing  rotation. 

When  starting  the  converter 
in  this  manner,  several  precau- 
tions are  necessary.  The 
armature  is  the  primary,  and 
the  shunt  field  coils  are  the 
secondary  of  a  transformer, 
the  secondary  having  a  very 
lai^e  number  of  turns.  The  rotating  armature  field,  there- 
fore, induces  very  high  voltages  in  the  field  coils  on  starting  and 
tends  to  puncture  them.  To  reduce  this  voltage,  the  field  is 
usually  split  into  sections  by  a  field-splitting  or  sectionalizing 
switch.  Figure  336  shows  the  connections  of  a  three-pole  switch 
used  to  sectionalize  the  field  circuit  of  a  four-pole  converter  into 


FiO.  336.^RelativeiiirectiOQBOf  rota- 
tion of  the  armaturo  aad  of  the  rotatmg 
field  produced  by  the  armature. 
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four  parts.     This  sectionalizing  switch  should  be  open  when  starting 
from  the  aUemaiing-current  side. 

If  there  be  a  switch  short-circuiting  the  series  field,  this  should 
be  opened,  as  otherwise  the  currents  generated  in  the  series  field 
by  the  transformer  action  of  the  armature  will  cause  undue  heat- 
ing. If  there  be  a  series-field  shunt  or  diverter,  this  should  be 
opened  for  the  same  reason. 

The  rotating  field  produced  by  the  armature  cuts  the  armature 
-conductors.  Fig.  335,  just  as 
if  the  armature  were  rotat- 
ing and  cutting  the  flux  of  a 
stationary  field,  as  in  the 
direct-current  generator.. 
This  field  induces  voltages 
in  the  armature  coils.  Some 
of  these  coils  are  short- 
circuited  by  the  brushes,  so 
that  sparking  results  under 
the  brushes,  even  though 
there  is  no  direct-current 
load.  This  sparking  may 
not  be  severe,  as  the  rotat- 
ing field  is  comparatively 
weak  in  the  interpolar 
spaces  where  the  brushes  are,  because  of  the  high  reluctance  of 
the  air  path  at  these  points.  However,  if  interpoles  are  used, 
the  reluctance  of  the  interpolar  space  is  reduced  very  materially 
so  that  sparking  becomes  severe.  Consequently,  brush-raising 
devices  are  usually  installed  on  interpole  machines,  to  lift  the 
brushes  on  starting  and  so  eliminate  this  sparking.  One  brush 
in  a  positive  brush-holder  and  one  brush  in  a  negative  brush- 
holder  are  usually  left  on  the  commutator  to  supply  the  field 
excitation.  In  order  to  reduce  the  sparking  caused  by  these 
two  brushes  short-circuitng  armature  coils  in  which  electromotive 
forces  are  induced  by  the  rotating  field,  these  brushes  are  often 
beveled  so  that  the  time  of  short-circuiting  is  reduced  to  a 
minimum.  Converters  are  started  at  reduced  voltage,  obtained 
from  taps  on  the  transformer  secondaries,  although  starting 
compensators  are  used  at  times  in  the  units  of  smaller  size. 

24 


Field-Reverainff 
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Field-Splittinff 
Switch 


Fig.  336. — Connections  of  shunt  field  and 
shunt  field-splitting  switch. 
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As  a  rule,  converters  excite  their  own  shunt  fields.  The  arma- 
ture rotates  in  a  direction  opposite  to  that  of  the  rotating  field 
which  is  set  up  about  it,  Fig.  335.  Therefore,  as  the  armature 
approaches  synchronism,  the  rotation  of  this  field  becomes  slower 
and  slower  with  respect  to  the  field  structure,  as  the  rotating  field 
rotates  in  one  direction  and  the  armature  in  the  opposite  direc- 
tion. The  field  poles  themselves,  which  are  magnetized 
alternately  north  and  south  by  this  field,  become  more  and  more 
slowly  magnetized  as  the  armature  approaches  synchronism. 
Finally,  due  to  hysteresis  action,  (see  Chap.  X,  page  321,  Par. 
130),  the  poles  themselves  become  permanently  magnetized 
through  armature  reaction,  and  the  armature  pulls  into  synchro- 
nism in  a  manner  similar  to  that  of  the  salient-pole  synchronous 
motor  when  started  in  this  manner. 

When  the  shunt-field  switch  is  closed,  the  field  produced  by  the 
shunt  winding  may  oppose  the  field  built  up  in  the  field  poles  by 
armature  reaction.  Consequently  there  is  a  tendency  for  the 
armature  to  slip  a  pole.  Should  the  armature  slip  a  pole,  the 
direct-current  voltage  at  the  brushes  reverses.  This  reverses 
the  shunt-field  current,  which  again  causes  the  converter  to  slip 
a  pole.  This  action,  unless  checked,  may  continue  indefinitely. 
It  may  be  stopped  by  reversing  the  shunt  field  current  by  means 
of  the  field-reversing  switch.  Fig.  336. 

It  often  happens  that  the  direct-current  field  is  not  strong 
enough  to  cause  the  armature  to  slip  a  pole,  because  the  field 
voltage  may  be  low,  due  to  the  alternating  voltage  being  reduced 
through  the  starting  taps.  However,  the  tendency  exists,  and 
due  to  the  resulting  distortion  of  the  pole  flux,  the  brushes  are  no 
longer  in  the  commutating  zone.  The  brush  voltage  is  thereby 
reduced,  which  again  lowers  the  tendency  to  slip  a  pole.  The 
converter  will  continue  to  run  under  these  conditions,  but  it  will 
take  a  large  current  at  low  power-factor,  will  spark  at  the 
brushes,  and  its  operation  will  be  unsatisfactory.  By  reversing 
the  field  current,  however,  normal  operating  conditions  can  be 
obtained. 

152.  Methods  of  Obtaining  Correct  Polarity. — It  is  important 
that  the  converter  always  come  up  with  the  same  direct-current 
polarity,  as  it  may  be  operating  in  parallel  with  other  apparatus. 
As  has  just  been  pointed  out,  the  converter  may  build  up  with 
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either  polarity.  If  this  polarity  happens  to  be  wrong,  there  are 
several  methods  of  correcting  it. 

Below  are  given  some  of  these  methods.  The  starting  compensa- 
tor or  transformer  taps  are  assumed  to  be  in  the  starting  positions. 

(a)  Open  the  shunt-field  circuit  and  then  open  the  line  switch 
long  enough  for  the  converter  to  slip  one  pole.  This  can  be 
determined  very  readily  with  a  stroboscope.  Close  the  field 
switch  and  then  throw  the  alternating-current  switch  quickly 
into  the  running  position.  With  a  little  practice  this  operation 
can  be  readily  performed. 

(6)  Reverse  the  shunt  field  by  means  of  the  field-reversing 
switch.  This  causes  the  machine  to  slip  a  pole  and  so  reverses 
the  direct-current  voltage,  making  it  correct.  If  left  this  way 
the  machine  will  continue  slipping,  one  pole  at  a  time,  as  has  just 
been  pointed  out.  Therefore,  the  shunt-field  switch  must  be 
thrown  back  immediately  to  its  original  position. 

(c)  When  the  converter  is  first  connected  across  the  alternat- 
ing-current line,  the  rotating  field  produced  by  the  armature  cuts 
the  armature  conductors  and  generates  alternating  currents  in 
these  conductors,  as  has  already  been  pointed  out.  The  brushes  are 
stationary  and  the  field  rotating,  so  there  is  no  commutating 
action.  Therefore,  there  is  an  alternating  electromotive  force 
of  line  frequency  across  the  brushes  at  the  instant  of  starting. 
The  armature  rotates  in  a  direction  opposite  to  that  of  its  rotating 
field,  because  of  the  reaction  with  the  pole-face  currents.  This  is 
illustrated  by  Fig.  335.  The  rotating  field  about  the  armature  is 
shown  as  rotating  clockwise.  A  conductor,  such  as  the  pole 
faces,  when  placed  in  this  field,  would  tend  to  rotate  clockwise. 
That  is,  if  the  armature  were  held  stationary,  the  field  structure 
would  tend  to  rotate  in  the  direction  of  the  rotating  flux  produced 
by  the  armature,  or  in  a  clockwise  direction.  Therefore,  the 
torque  produced  by  this  rotating  flux  is  in  such  a  direction  that 
it  tends  to  cause  the  field  structure  to  rotate  in  a  clockwise 
direction.  However,  the  field  structure  is  fixed  in  position  and 
the  armature  is  free  to  rotate.  The  reaction  between  the  two 
remains  unchanged.  Consequently  the  armature  will  rotate  in 
a  counter-clockwise  direction.  The  relative  motion  between  arm- 
ature and  field  structure  is  the  same  as  if  the  armature  were 
stationary  and  the  field  were  free  to  rotate. 
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As  the  speed  of  the  armature  increases,  the  field  produced  by 
it  must  rotate  slower  and  slower  in  space,  although  it  does  not 
change  its  speed  relative  to  the  armature.  The  brushes  tend  to 
become  more  and  more  nearly  stationary  with  respect  to  this 
rotating  field,  so  that  their  commutating  action  becomes  greater 
and  greater.  The  frequency  of  the  electromotive  force  across 
the  brushes  becomes  less  and  less,  and  when  the  armature  finally 
pulls  into  synchronism,  becomes  zero,  and  a  direct-current  voltage 
exists  across  the  brushes. 

If  a  direct-current  voltmeter  be  connected  across  the  brushes, 

its  pointer  will  tend  to  os- 
_ .      cillate    at    line    frequency 
Field,    when   the  alternating  cur- 
rent  is   first  switched  on. 


— Bob 


iSSt'tf  No.  1  1  i  (No.  2  1  i  (No.  8  1  As  the  armature  speeds  up, 

this  frequency  becomes  less 
^_g^  and  less,  and  the  pointer  is 

FiQ.  337.— Method  of  obtaining  correct  SOOn  able  tO  foUoW  the  slow 
polarity  by  closing  equalizer  and  series-field  oscillations.  When  the  fre- 
switches.  «  •ii    i  •  % 

quency  of  oscillation  be- 
comes very  low  and  the  pointer  is  just  going  through  zero  in 
the  positive  direction,  the  field  switch  should  be  closed.  This 
insures  the  converter's  coming  in  with  the  correct  polarity.  A 
zero-center  type  of  voltmeter  is  desirable  when  this  method  is 
emploj'ed. 

(d)  If  the  converter  operates  in  parallel  with  others,  and  equal- 
izers are  used,  a  weak  field  of  the  correct  polarity  may  be  pro- 
duced in  the  field  of  the  incoming  converter  by  closing  a  line  and 
an  equalizer  switch,  as  indicated  in  Fig.  337.  This  tends  to  make 
the  armature  reaction  build  up  fields  of  the  correct  polarity  and 
so  insures  the  converter  coming  in  properly. 

163.  Starting  Synchronous  Converter  by  Means  of  an  Auxili- 
ary Motor. — As  was  pointed  out  in  Chap.  X,  one  method  of 
starting  a  synchronous  motor  is  to  bring  it  up  to  speed  with  an 
auxiliary  motor  and  then  synchronize.  (See  page  320,  Par.  130.) 
This  same  method  may  be  used  with  the  converter.  The  me- 
thods of  synchronizing  are  identical  with  those  used  with  the 
alternator.  (See  page  168,  Par.  74.)  This  method  of  starting 
is  practically  obsolete. 
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164.  Starting  Synchronous  Converter  from  the  Direct- 
current  Side. — If  sufficient  direct-current  power  is  available, 
the  converter  may  be  started  from  the  direct-current  side,  starting 
as  a  shunt  motor.  When  started  in  this  manner,  the  series  field 
should  be  short-circuited,  as  it  will  oppose  the  shunt  field  when 
the  machine  operates  as  a  motor  and  will  therefore  reduce  the 
starting  torque.  The  transformer  secondaries  are  short-circuits 
on  the  direct-current  armature  at  starting,  as  the  frequency  is 
zero  and  their  resistance  is  very  low.  This  is  particularly  true 
if  the  brushes  happen  to  be  resting  on  commutator  segments 
which  are  connected  directly  to  the  slip-ring  taps.  Therefore, 
the  transformers  should  be  disconnected.  The  proper  speed  is 
obtained  by  adjusting  the  shunt  field.  As  there  is  practically  no 
voltage  control  in  the  simple  converter  when  operating  in  this 
manner,  it  is  not  always  possible  to  adjust  the  alternating  voltage 
to  a  value  equal  to  that  of  the  line.  To  prevent  any  disturbance 
which  may  result  from  synchronizing  at  a  voltage  other  than 
bus-bar  voltage,  some  of  the  starting  resistance  is  often  left  in 
the  armature  circuit  until  after  the  machine  has  been 
synchronized. 

155.  Parallel  Operation  of  Synchronous  Converters. — Syn- 
chronous converters  may  be  operated  in  parallel  on  the  direct- 
current  side,  just  as  shunt  and  compound  generators  are  similarly 
operated.  If  one  series  field  winding  be  used  on  each  machine, 
only  one  equalizer  is  necessary.  If  the  machine  is  a  three-wire 
converter  and  is  compounded,  there  will  be  two  series  fields,  as 
shown  in  Fig.  338.  In  this  case  two  equalizer  switches  are 
necessary.  (See  Vol.  I,  page  376,  Fig.  338.)  The  loads  are 
shifted  by  changing  the  voltages  of  the  converters,  either  by 
field  control  or  by  any  of  the  other  methods  already  described. 

Better  operation  is  obtained  if  each  converter  has  its  own 
transformer  bank,  rather  than  by  having  a  single  bank  supplying 
all  the  converters.  This  introduces  more  or  less  reactance 
between  converters  and  stabilizes  their  operation.  It  may  even 
be  necessary  to  install  series  reactances  in  the  transformer  leads. 

The  alternating  side  of  a  converter  may  be  accidentally  opened 
by  a  circuit  breaker  or  otherwise,  while  the  direct-current  side 
may  still  be  connected  to  a  source  of  power,  such  as  other  convert- 
ers or  a  storage  battery  across  the  bus-bars.    The  converter  will 
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then  teod  to  operate  as  a  shunt  motor,  usually  with  a  weakened 
field,  due  to  the  differential  action  of  the  compound  winding. 
Under  these  conditions  the  converter  may  tend  to  race.  There- 
fore, converters  are  usually  equipped  with  reverse-energy  relays 
on  the  direct-current  aide,  or  else  the  direct-current  breakers  are 
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interlocked  with  the  alternating-current  ones,  so  that  the  direct- 
current  side  will  be  opened  simultaneously  with  the  alternating- 
current  side. 

The  resultant  current  in  the  converter  armature  conductors 

produces  the  torque  which  overcomes  the  stray-power  losses  of 

the   converter.     This    resultant  current 

^^^^^^^^^^^      is    the    difference   of   two  nearly    equal 

^^^^^1  nil  currents,   as   has   already  been   demon- 

■■llH|k         strated.     A  small  percentage  change  in 

^^^^^^^1         either  the  motor  current  alone  or  in  the 

^^^^^^H         generator  current  alone  produces  a  large 

■H|H|B         percentage  change  in  this  torque  current. 

^^Jnill[||  Therefore,  the  converter  is  very  sensitive 

^^^^^^^^'^^B      to  line  disturbances,  such  as  fluctuations 

of    voltage   or    of   frequency.     Accord- 

igly,  it  has  a  much  greater  tendency  to 

hunt "  than  has  the  synchronous  motor. 

For  this  reason,  converters  always  have  amortisseur  or  damper 

n-indings   or  grids  built  around  and  into  the  poles,  as  shown 

in  Fig.  339.    The  action  of  these  windings  is  the  same  as  in  the 
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synchronous  motor  described  on  page  318,  Par.  129,  except  that 
the  windings  are  now  stationary  in  space.  The  armature  which 
produces  the  rotating  field  rotates  at  synchronous  speed  in  one 
direction  and  the  rotating  field  itself  rotates  at  synchronous  speed 
in  the  opposite  direction  with  respect  to  the  armature.  Under 
normal  operation  therefore,  the  field  is  stationary  in  space  with 
respect  to  the  amortisseur  windings. 

156.  The  Three-wire  Converter. — It  is  pointed  out  in  Vol.  I, 
Chap.  XII,  that  the  neutral  of  a  3-wire  system  may  be  obtained 
by  the  use  of  two  or  more  slip-rings  connected  to  the  direct- 
current  armature.  A  reactance  coil  is  connected  across  these 
slip-rings  and  alternating  current  flows  through  this  reactance. 
The  direct-current  neutral  is  connected  to  the  middle  point  of 
this  reactance  and  the  direct  current  of  the  neutral  divides  and 


Fig.  340. — D.    C.    neutral   obtained   from   neutral   of   4-phase,    diametrically- 
connected  transformers. 


passes  back  into  the  armature  through  the  reactance.  The 
reactance  has  a  low  resistance  and  has  practically  no  effect  on 
the  direct  current. 

It  is  to  be  noted  that  a  synchronous  converter  with  the  proper 
transformer  connections  provides  a  neutral  point  for  just  such  a 
direct'Current  neutral.  For  example,  if  a  six-phase,  double-Y, 
or  a  six-phase  star.  Fig.  338,  a  four-phase  star,  Fig.  340,  or  a 
three-phase  Y-connection  of  transformer  secondaries  be  used, 
an  excellent  neutral  is  provided. 

In  the  first  two  of  these  connections,  the  direct  current  flows  in 
opposite  directions  through  the  two-halves  of  each  transformer 
secondary,  so  there  is  no  direct-current  magnetizing  action  on 
the  core.  In  the  Y-connection,  however,  this  is  not  the  case 
and  the  magnetizing  action  of  the  direct  current,  acting  in  con- 
junction with  that  of  the  alternating  current,  produces  an  un- 
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S3rmmetrical  cyclic  magnetization  of  the  iron.  This  is  undesir- 
able; as  it  results  in  an  increased  magnetizing  current  whose 
positive  and  negative  values  will  be  unequal  and  dissimilar.  By 
splitting  each  transformer  secondary  into  two  sections,  aya\ 
hjb'j  and  CyC'^  Fig.  341,  and  connecting  as  indicated,  it  will  be 
observed  that  the  direct  current  flows  in  opposite  directions  in 
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Fig.  341. — Zig-zag  connection  of  three-phase  secondaries  for  eliminating  D.  C. 

magnetizing  of  transformer  cores. 

the  two-halves  of  each  secondary  winding,  and  consequently,  has 
no  appreciable  magnetizing  effect. 

Figure  338  shows  the  complete  connection  for  a  six-phase, 
220-volt,  three-wire  converter,  having  two  series  fields  and  with 
the  direct-current  neutral  connected  to  the  neutral  of  the  double- 
Y  connected  transformer  secondaries.  Figure  340  shows  a 
direct-current  system  supplied  by  a  four-phase  converter,  the 
neutral  being  obtained  through  two  star-connected  transformers. 


CHAPTER  XII 
TRANSMISSION  OF  POWER  BY  ALTERNATING  CURRENT 

157.  Transmission  Systems. — To  transmit  power  economically 
over  considerable  distances,  it  is  necessary  that  the  voltage  be 
high.  High  voltages  are  readily  obtainable  with  alternating 
current.  As  high  as  15,000  volts  may  be  generated  directly. 
For  voltages  in  excess  of  this  it  is  desirable  to  use  transformers, 
as  it  is  difficult  to  insulate  the  generators  for  these  higher  voltages. 
The  transmission  voltage  is  usually  too  high  for  commercial 
uses,  but  for  purposes  of  distribution  it  may  be  stepped  down 
to  the  desired  value  by  the  use  of  transformers. 

Direct-current  voltages  for  commercial  power  can  be  raised 
and  lowered  only  by  machines  having  rotating  commutators. 
The  efficiency  of  such  apparatus  is  not  high,  and  operating  diffi- 
culties are  encountered  in  connection  with  tlie  commutators, 
even  at  comparatively  low  voltages.  Hence,  alternating  current 
is  nearly  always  used  for  transmission  purposes.  (The  one 
exception  is  the  Thury^  System  in  Europe.)  Where  considerable 
power  is  involved,  polyphase  systems  are  used  because  of  the 
many  advantages  of  polyphase  over  single-phase  systems.  For 
example,  polyphase  motors  are  considerably  cheaper  and  lighter 
than  single-phase  motors  of  equal  rating  and  as  a  rule  have  better 
operating  characteristics.  The  output  of  generators  when 
operating  polyphase  is  much  greater  than  when  operating  single- 
phase.     (See  page  76.) 

Of  the  polyphase  systems,  the  three-phase  system  is  generally 
used  for  transmission,  although  the  employment  of  two-phase  for 
distribution  purposes  is  not  uncommon.  The  three-phase  system 
has  the  advantage  that  it  requires  the  least  number  of  conduc- 
tors of  all  the  polyphase  systems;  the  voltage  unbalancing  even 
with  unbalanced  loads  is  not  usually  serious;  and  for  a  given 
voltage  between  conductorSj  with  a  given  power  transmitted  a 
given  distance  with  a  given  line  loss,  the  three-phase  system 

iSee  Vol.  I,  Page  303,  and  also  "Standard  Handbook,"  Fifth  Edition, 

Section  XI. 
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requires  only  75  per  cent,  as  much  copper  as  either  the  single- 
phase  or  the  two-phase  system. 

The  single-phase  system  is  used  in  railroad  electrification, 
where  single-phase  power  is  suppUed  at  the  trolley.  The  most 
notable  examples  of  this  are  the  New  York,  New  Haven  and 
Hartford  Railroad  and  the  Norfolk  and  Western  Railway. 

When  the  voltage  is  so  high  as  to  make  transformers  necessary, 
the  power  is  usually  generated  at  6,600  volts.  This  voltage  is 
not  so  high  as  to  make  difficult  the  proper  insulation  of  the  gener- 
ators, and  at  the  same  time  the  armature  conductors  and  the 
leads  running  to  the  switchboard  do  not  become  too  large. 
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Distributing  Lines 
(Overhead  or  undersroond) 


Fig.  342. — Typical  connections  of  a  power  system. 


The  transmission  voltage  is  largely  determined  by  economic 
considerations.  Although  a  high  voltage  reduces  the  conductor 
cross-section,  the  saving  in  copper  may  be  offset  by  the  increased 
cost  of  insulating  the  line,  by  the  increased  size  of  transmission- 
line  structures  and  by  the  increased  size  of  generating  and  sub- 
stations, due  to  the  large  clearances  required  by  the  high-voltage 
leads  and  bus-bars.  A  rough  basis  for  determining  the  trans- 
mission voltage  is  to  use  1,000  volts  per  mile  of  line. 

Because  of  the  danger  involved,  it  is  not  usually  permissible 
to  carry  high-voltage  transmission  lines  through  thickly  popu- 
lated districts  in  order  to  reach  the  distributing  sub-stations. 
The  voltage  is  usually  stepped  down  to  about  13,200  volts  at 
sub-stations  located  at  the  outskirts  of  the  city  and  thence  carried 
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into  the  city  underground,  or  occasionally  overhead,  at  13,200 
volts. 

Figure  342  shows  a  typical  system.  No  attempt  is  made  to 
show  switches,  circuit-breakers,  etc.  Power  is  generated  at 
6,600  volts  and  is  delivered  directly  to  the  6,600-volt  bus-bars. 
It  is  then  stepped  up  to  110,000  volts,  the  transmission  voltage, 
by  delta-Y  transformer  banks  whose  secondaries  are  connected 
to  the  110,000-volt  bus-bars. 
The  power  then  passes  out 
over  the  duplicate  trans- 
mission lines  to  a  sub-station 
located  in  the  outskirts  of  the 
district  where  the  power  is  to 
be  utilized.  It  is  then  stepped 
down  to  13,200  volts  by 
Y-Y-transformer  banks  and 
delivered  to  the  13,200-volt 
bus-bars  at  this  sub-atation. 
The  power  then  leaves  these 
13,200-volt  bus-bars  for  the 
various  distributing  sub- 
stations in  the  district.  One 
distributing  sub-station  is 
shown.  Here  the  voltage  is 
stepped  down  to  a  three-phase, 

four-wire     system.       This     SyS-     'iBhting  traoBfornier  and  a 

tern   has  4,000  volts  between 
conductors,  or  2,310  volts  to  neutral,  for  distribution  to  the  con- 
sumers. 

Usually  the  lighting  and  the  power  loads  are  connected  to 
separate  feeders,  in  order  to  avoid  the  annoying  flickering  of  the 
lamps  when  motors  are  thrown  on  or  ofif  the  line.  The  lighting 
loads  are  usually  supplied  by  10  : 1  transformers  located  on  the 
poles,  from  whose  secondaries  230-115-voIt,  three-wire  systems 
are  obtained,  Fig.  343.  The  two  wires  coming  from  the  top 
crossarm  to  the  crossarm  next  beneath  and  going  through  the 
fuse  cut-outs  to  the  transformer  are  the  2,300-volt  lines.  The 
230-115-volt  secondary  wires  leave  the  front  side  of  the  trans- 
former and  feed  three  vertically-arranged  conductors  of  the  three- 
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wire  secondary  mains,  which  supply  the  local  lighting  loads. 
The  power  consumers  are  usually  connected  to  the  secondaries 
of  V-connected  or  delta-connected  transformers  located  at  the 
consumer's  premises.  In  order  that  the  secondary  mains  may 
not  be  too  large,  440  and  560  volts  are  generally  used  for  the 
power  loads.     (Also  see  Vol.  I,  page  380,  Fig.  341.) 

In  the  sub-6tation,  other  power-transforming  apparatus  may  be 
installed,  such  as  constant-current  transformers ;  motor-generator 
sets  or  synchronous  converters,  for  obtaining  direct  current,  etc. 
168.  Transmission  Line  Reactance ;  Single-phase. — In  making 
line  calculations  for  the  transmission  of  direct-current  power,  the 
resistance  alone  needs  to  be  considered.  In  making  similar  calcu- 
lations for  alternating-current  lines,  it  is  necessary  to  take  into 
consideration  not  only  the  line  resistance,  but  the  line  reactance  as 
well.  In  cables  and  in  overhead  lines  operating  at  high  voltage,  it 
is  also  necessary  to  consider  the  capacitance  between  conductors. 

Figure  344  shows  the  cross-section  of  a  two-conductor,  single- 
phase  line.  As  the  current  at  any  instant  flows  in  opposite  direc- 
tions in  the  two  conductors,  the  circular  paths  of  the  magnetic 
lines  set  up  about  one  conductor  must  always  go  in  a  direction 
opposite  to  that  for  the  other  conductor.    That  is,  when  one 

magnetic  field  is  acting  in  a 
clockwise  direction,  the  other 
must  be  acting  in  a  counter- 
clockwise direction.  This 
causes  the  two  fields  to  act  in 
conjunction  in  the  area  be- 
tween the  two  conductors, 
as  shown  in  Fig.  344.  Thus, 
two  parallel  wires  form  a  rec- 
tangular loop  of  one  turn,  through  which  flux  is  set  up  by  the 
current  in  the  wires.  This  flux  links  the  loop  and  the  circuit 
has  inductance,  therefore.  It  might  appear  that  this  inductance 
would  be  negligible,  because  the  loop  has  but  one  turn  and  the 
flux  path  is  entirely  in  air.  It  must  be  remembered,  however, 
that  the  cross-sectional  area  of  the  flux  path  is  large j  usually  being 
from  1  to  20  ft.  wide  and  several  miles  long.  Although  the 
flux  density  is  small,  the  total  flux  linking  the  loop  is  usually 
considerable. 


FiQ.  344. — Magnetic  field  between  the 
two  conductors  of  a  single-phase  line. 
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It  can  be  shown  that  the  inductance  of  such  a  loop  is 

L  =  2Z(0.080  +  0.741  logio-)  mil-henrys,  (84) 

where  D  is  the  distance  between  conductor  centers,  and  r  is  the 
radius  of  each  conductor,  both  expressed  in  the  same  units.  I  is 
the  length  of  the  line  in  miles.     The  reactance  of  the  loop  is 

X  =  27r/L  (85) 

where/  is  the  frequency  in  cycles  per  second. 

It  is  usually  more  convenient  to  consider  the  inductance  of  a 
single  conductor  only.  The  inductance  per  single  conductor  is 
obviously  one-half  the  value  given  in  equation  (84),  which  applies 
to  the  two  conductors  of  the  circuit. 

The  reactance  per  mile  then  becomes 

X  =  27r/(80  +  741  logio  -)  10-«  ohms  per  mile.      (86) 

Table  I  in  the  Appendix  gives  values  of  the  reactance  at  60 
cycles  per  second  for  solid  and  stranded  conductors,  at  various 
spacings.  The  reactance  for  stranded  conductors  is  slightly  less 
than  the  corresponding  values  given  for  solid  conductors.  The 
reactance  at  other  frequencies  may  be  found  by  direct  propor- 
tion. (For  more  complete  tables  see  Sec.  XI,  Standard  Hand- 
book, fifth  edition.) 

Example. — A  single-phase  transmission  line  is  40  miles  long  and  consists 
of  two  0000  solid  conductors  spaced  4  ft.  on  centers. 

(a)  Find  the  inductance  of  the  entire  line  and  the  reactance  per  conductor 
at  25  cycles  per  second;  (6)  at  60  cycles  per  second;  (c)  if  a  200-amp.,  60-cycle 
current  flows  over  this  line  find  the  total  reactance  drop. 

The  diameter  of  0000  conductor  is  460  mils;  the  radius,  r  =  0.230  in. 

48 

D/r  =  — —    =  209 

0.230 

logio  209  =  2.32         (p.  462) 
The  inductance  per  mile 

U  =  2(0.080  H-  0.741  X  2.32)  =  3.60  mil-henrys  (from  equation  84). 
(a)  The  total  inductance 
L  =  3.60  X  40  =  144  mil-henrys  or  72  mil-henrys  per  conductor.    Ana. 

The  reactance  per  conductor  at  25  cycles 

Xi  =  27r  25  X  72  XlO-»=  11.3  ohms  Ans. 

(6)  The  reactance  per  conductor  at  60  cycles 

Xi  =  2x60  X  72  X  10-«  =  27.1  ohms.  Ana. 

(c)  The  total  reactance  drop 

F  =  27.1  X  200  X  2  =  10,840  volts.  Ana. 
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169.  Transmission  Line  Reactance;  Three-phase. — In  trans- 
mission line  problems  it  is  convenient  to  consider  the  reactance 
of  the  individual  conductor,  rather  than  the  reactance  of  the 
looped  line  or  of  the  entire  circuit.  The  convenience  becomes 
more  apparent  when  three-phase  lines  are  considered.  In  Fig. 
345  are  shown  the  three  conductors  of  a  three-phase  line,  symmet- 
rically spaced.  That  is,  each  conductor  is  at  an  apex  of  the  same 
equilateral  triangle.  The  current  at  the  instant  shown  is  flowing 
outward  in  conductor  A  and  inward  in  conductors  B  and  C 
The  field  produced  by  each  conductor  is  indicated.  These  fields 
are  continually  changing,  due  to  the  cyclic  variation  of  the  current 
in  the  three  phases,  and  this  causes  a  rotating  field  in  the  region 


Fio.  345. — Three  symmetrically- 
spaced  conductors  of  a  3-phase 
line. 


Fio.  346. — Magnetic  field  pro- 
duced by  conductor  C  does  not  link 
loop  AB, 


between  the  conductors.  This  rotating  field  is  similar  to  the 
rotating  field  of  the  polyphase  induction  motor,  and  as  it  cuts 
all  three  conductors,  it  induces  electromotive  forces  in  them. 

In  treating  this  problem,  however,  it  is  simpler  to  consider  the 
reactance  of  each  conductor  separately.  If  the  spacing  is  sym- 
metrical, the  flux  produced  by  each  conductor  does  not  induce 
any  electromotive  force  in  the  circuit  composed  of  the  other  two 
conductors.  For  example.  Fig.  346  shows  the  circular  field 
produced  by  conductor  C  acting  alone.  As  none  of  its  lines  links 
the  circuit  AB,  conductor  C  does  not  induce  any  electromotive 
force  in  loop  AB.  Likewise,  conductor  A  induces  no  electro- 
motive force  in  loop  BC,  and  conductor  B  induces  no  electromo- 
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live  force  in  loop  CA,  provided  the  conductors  are  symmetrically 
spaced. 

In  the  three-phase  case,  therefore,  the  reactance  per  conductor 
is  found  by  equation  (85),  page  381,  or  by  consulting  the  tables, 
page  465.  The  distance  between  the  centers  of  conductors  is 
used  for  D. 

Example. — A  three-phase  line  consists  of  three  0000  solid  conductors 
placed  at  the  comers  of  an  equilateral  triangle,  4  ft.  on  a  side.  Find  the 
reactance  drop  per  conductor  per  mile  when  a  25-cycle  alternating  current 
of  120  amp.  flows  in  the  conductors. 

X  =  2x25(80  H-  741  logio  ^)10"*  ohms. 

=  157(80  +  741  X  2.32)  10^« 

=  157  X  1800  X  10-«  =  0.282  ohm. 

The  voltage  drop 

F  -  120  X  0.282  =  33.8  volts.  Ans. 


Instead  of  calculating  the  reactance  X,  it  may  first  be  found 
in  Appendix  I,  page  465,  for  60  cycles  per  second,  its  value  being 
0.677  ohm.  The  25-cycle  reactance  is  25/60  of  this  value,  and 
is  equal  to  0.282  ohm. 

160.  Transmission  Line  Capacitance;  Single-phase. — If  a 
direct-current  voltage  be  applied  to  a  transmission  line  under  no^ 
load  conditions,  no  current  flows 
after  the  first  few  moments,  except 
the  almost  negligible  leakage  cur- 
rent. If  an  alternating  voltage  be 
applied  to  a  transmission  line,  consid- 
erable current  may  fiow,  even  if  there 
be  no  appreciable  leakage  and  no 
connected  load.  This  current  is  the 
charging  current  of  the  line,  and  leads 

the  voltage  by  almost  90°.      The  line     Fig.  347. — Electrostatic   flux  be- 

acts  as  a  condenser,  the  conductors  ^^^^'^  ^""^  conductors, 

being  the  plates  and  the  air  the  dielectric.  Each  conductor 
becomes  charged,  first  positively  and  then  negatively,  which 
results  in  an  alternating  current. 

This  is  illustrated  by  Fig.  347,  which  shows  conductors  A  and  B 
of  a  single-phase  line.  At  the  instant  shown,  conductor  A  is 
positive  and  conductor  B  is  negative.    The  electrostatic  flux 
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existing  in  the  field  between  A  and  B  is  shown.    The  capacitance 
between  conductors  of  such  a  line  can  be  shown  to  be  approximately 

C  =  — — ^  mf .  per  mile  (87) 

logio- 

T 

where  D  is  the  distance  between  conductor  centers  and  r  is  the 
radius  of  each  conductor,  both  expressed  in  the  same  imita. 

The  simplest  method  of  treating  transmission-line  problems  is 
to  work  with  voltages  to  neutral  and  with  capacitances  to  neutral. 


(a)  Neutral  plane  between  two  line  conducton. 


a 


o 


H 


Ci-2C        Ci-2C 


bo 


(6)  line  capacitance  replaced  by         (o)  Line  capacitance  replaced  by* 
a  sinsrle  condenser.  two  seriea-connected  condenaers. 

Fio.  348. — Substitution     of     equivalent     condensers     for     transmission     line 

capacitance. 

In  Fig.  348  (a),  an  imaginary  plane  surface  xy  is  shown  midway 
between  conductors  A  andB  and  perpendicular  to  the  plane 
of  the  conductors.  The  electrostatic  field  between  this  sur- 
face and  each  conductor  is  the  same.  As  the  plane  bisects 
every  electrostatic  flux  line,  the  potential  difference  between 
conductor  A  and  any  point  in  the  plane  is  equal  to  the  potential 
difference  between  conductor  B  and  this  same  point.  That  is, 
the  potential  of  every  point  on  the  plane  xy  is  midway  between 
the  potential  of  conductor  A  and  that  of  conductor  B.  Hence, 
every  point  in  this  surface  is  at  the  same  potential  and  xy  is 
an  equipotential  surface.    The  plane  xy  may  be  replaced  by  a 
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thin  conducting  plate  of  infinite  breadth  without  disturbing  the 
electrostatic  field.  Each  conductor  has  the  same  capacitance 
to  this  plate.  This  capacitance  must  be  twice  the  capacit- 
ance between  the  conductors  themselves.  That  is,  the  capacit- 
ance C  between  conductors,  Fig.  348  (6),  may  be  replaced  by  two 
equal  capacitances,  Ci,  Ci,  connected  in  series.  Fig.  348  (c), 
where  Ci  =  2C  The  joint  capacitance  of  the  two  capacitances 
Ci,  Ci  in  series  is  obviously  just  equal  to  that  of  the  single 
capacitance,  C.  The  point  0  is  the  neutral  of  the  system,  its 
potential  being  the  same  as  that  of  the  plate  xy. 

If  the  capacitance  to  neutral  is  used  when  calculating  the 
charging  current,  the  voltage  to  neutral  must  also  be  used.  With 
half  the  voltage  and  twice  the  capacitance,  the  charging  current 
per  conductor  is  the  same  as  if  the  total  voltage  and  the  capaci- 
tance  between  conductors  had  been  used. 

The  capacitance  to  neutral  may  be  found  by  multiplying  equa- 
tion (87)  by  2. 

C 1  =  — — Yi  ^'  P^^  ^^^  ^^  neutral.  (88) 

logio- 

Obviously,  the  line  charging  current  is 

Ic  =  2TrfCiE10~^  amperes  per  mile  of  line. 

where  /  is  the  frequency  in  cycles  per  second,  E  is  the  voltage  to 
neutral,  and  Ci  is  the  capacitance  to  neutral  in  microfarads  per 
mile  of  line. 

Appendix  J,  page  466,  gives  amperes  per  mile  of  line,  per 
100,000  volts  to  neutral,  at  60  cycles  per  second,  for  various 
sizes  of  conductor  and  various  spacings. 

Example. — A  40-mile,  60-cycle,  single-phase  line  consists  of  two  000 
conductors  spaced  5  ft.  apart.  What  is  the  charging  current  if  the  voltage 
between  wires  is  33,000  volts? 

The  diameter  of  000  wire  is  410  mils. 
The  radius 

r  =  0.205  in. 
D/r  =  60/0.205  =  293 
logio  293  =  2.47 

Ci  =  40  X  5^  =  0.628  mf. 
2.47 

The  charging  current 

Ic  =  2^60  X  0.628  X  ^^^10-«  =  3.91  amp.     Ana. 

25 
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161.  Transmission  Line  Capacitance;  Three-phase. — Figure 
349  shows  the  three  conductors  A,  B,  C,  of  a  three-phase  line, 
these  conductors  being  symmetrically  spaced.  There  is  ca- 
pacitance between  each  pair  of  conductors,  which  can  be  rep- 
resented by  three  equal  capacitances  c',  c',  c',  Pig.  349(a), 
connected  in  delta.  In  determining  the  capacitive  relations  in 
this  type  of  system,  it  simplifies  the  problem  to  substitute  an 
equivalent  Y-system  for  the  delta-system.  It  is  obvious  that 
any  delta-load  may  be  replaced  by  an  equivalent  Y-load.  This 
is  the  same  as  considering  that  each  conductor  has  capacitance  c 
to  a  fictitious  neutral  0,  Fig.  349(6).     In  the  actual  line  the 


k R -% 


Fig.  349. — Delta  capacitance  of  a  3-phase  system  replaced  by  an  equivalent 

Y-capacitance. 

neutral  may  be  the  ground.    The  voltage  across  each  of  these 
condensers  c  is  E/'y/d  where  E  is  the  line  voltage. 

Equation  (87),  page  384,  may  then  be  applied  to  finding  the 
capacitance  to  neutral,  c,  D  being  taken  as  the  distance  between 
conductor  centers.  The  voltage  to  neutral  E/\/S  is  used  for 
determining  the  charging  ciurent  per  conductor. 

Example. — Assume  that  a  third  wire  be  added  to  the  ejrstem  of  paragraph 

160  to  form  a  symmetrical  spacing  and  that  the  system  is  operated  threes 

phase,  33,000  volts  between  conductors.     Find  the  charging  current  per 

conductor. 

r  =  0.205  in. 

D/r  =  60/  0.205  =  293 

logio  293  =  2.47 

0.0388 


40  X 


2.47 


=  0.628  rof . 


Volts  to  neutral  =  33,000/ \/3  =  19,070  volts. 
The  charging  current  per  conductor 

le  =  27r60  X  0.628  X  19,070  =  4.52  amp.     Ana. 

This  may  be  checked  by  Appendix  J,  page  466. 
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162.  Three-phase  System;  Conductors  Spaced  Unsymmetri- 
cally. — If  the  conductors  in  a  three-phase  system  are  not  sym- 
metrically spaced,  being  located  at  the  comers  of  a  triangle 
whose  sides  may  be  of  any  length,  as  A,  B,  and  C,  Fig.  350(a), 
the  side  D  of  the  equivalent  equilateral  triangle.  Fig.  350(6), 
may  be  found  as  follows: 

D  =  ^yTBC  (89) 


B  D 

(C)  (6) 

Fig.  350. — Unsymmetrical  spacing  and  equivalent  symmetrical  spacing. 

This  value  of  D  should  be  used  as  the  distance  between  the 
conductor  centers  of  the  equivalent  system  in  transmission  line 
calculations. 

163.  Single-phase  Line  Calculations. — In  determining  the 
voltage  drop  in  an  alternating-current  line,  both  the  resistance 
and  the  reactance  must  be  taken  into  consideration.  The  volt- 
age to  supply  the  resistance  drop  is  in  phase  with  the  current, 
and  the  voltage  to  supply  the  reactance  drop  is  in  quadrature 
with  the  current  and  leading. 
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Fig.  351. — Single-phase  line  having  resistance  and  reactance. 


In  making  transmission-line  calculations,  it  is  convenient  in  all 
cases  to  work  to  neutral.  Figure  351  shows  a  single-phase  line 
which  has  a  resistance  per  wire  of  R  ohms  and  a  reactance  per 
wire  of  X  ohms.  The  load  takes  a  current  7  amperes  at  a  power- 
factor  cos  ^,  and  the  total  voltage  at  the  load  or  receiver  is  2Er. 
The  voltage  to  neutral  at  the  receiver  is  therefore  Er,  The 
total  voltage  at  the  sending  or  generating  end  is  2Ea. 
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If  this  system  be  split  along  the  line  CD,  two  systems  rcBult, 
one  of  which  is  shown  in  Fig.  352.  Each  of  these  two  systems 
transmits  one-half  the  total  power  and  the  sending-end  and 
receiving-end  voltage  of  each  system  is  half  the  voltage  between 
conductors.  The  voltage  at  each  end  is  now  the  voltage  to  neu- 
tral. The  ground  is  assumed  to  be  the  return  conductor.  The 
return  conductor  need  be  merely  hypothetical,  however,  for  under 
balanced  conditions,  Fig.  351,  no  current  flows  back  through  the 

vsAAAAAA.— nnnnnnnp 


Load 
^^   ^;P.F.-Co«a 


"=="  Gnmnd  -==-  Groand 

Fig.  352. — Single-phase  line  and  voltages  to  neutral. 

ground,  as  each  half  of  the  system  acts  as  a  return  for  the  other 
half.  Therefore,  the  voltage  drop  through  the  groimd  is  zero. 
That  is.  Fig.  352,  for  purposes  of  calculation,  the  groimd  may  be 
considered  as  having  zero  resistance  and  zero  reactance. 

Let  it  be  required,  in  Fig.  352,  to  determine  the  generator 
voltage  Eg  when  the  load  voltage  Er,  the  current  7,  and  power- 
factor  cos  6  are  given.  The  vector  diagram  is  shown  in  Fig. 
353(a).  The  component  of  voltage  to  supply  the  IR  drop  is 
laid  oflf  in  phase  with  the  current  I;  the  component  to  supply 


(a)  {b) 

Fig.  353. — Vector  diagrams  for  single-phase  transmission  line. 

the  IX  drop  is  laid  off  90*^  ahead  of  the  current  7.  The  resultant 
of  these  two  components  is  the  component  to  supply  the  IZ 
drop,  or  to  supply  the  actual  voltage  drop  per  conductor.  The 
voltage  at  the  generator  Eg  is  the  vector  sum  of  Er  and  IZ.  In 
Fig.  353(6)  the  IR  and  IX  components  are  added  to  Eg  vec- 
torially.  It  will  be  seen  that  this  figure  is  similar  to  Fig.  145, 
Chap.  VI,  page  139,  and  its  geometrical  solution  is  identical. 

Eg  =  V{Er  cos  6  +  IRY  +  {Er  sin  B  +  IXy        (90) 


TRANSMISSION  OF  POWER  BY  ALTERNATING  CURRENT  389 

Example. — It  is  desired  to  deliver  4,000  kw.,  single-phase,  at  a  distance  of 
25  miles,  the  load  voltage  being  33,000  volts,  60  cycles,  and  the  power-factor 
of  the  load  being  0.85.  The  conductors  are  spaced  4  ft.  apart.  The  line  loss 
shall  not  exceed  10  per  cent,  of  the  power  delivered.  Determine:  (a)  the  size 
of  conductor;  (6)  the  resistance  drop  per  conductor;  (c)  the  reactance  drop 
per  conductor;  (d)  the  voltage  at  the  sending  end;  (e)  the  line  regulation. 
Neglect  capacitive  effects. 

(a)  The  line  loss  =  4,000  X  0.10  =400  kw.  =  400,000  watts. 
The  loss  per  conductor  =  400,000/2  =  200,000  watts. 

rru  *  T  4,000,000  ,  .^^ 

The  current  /  =  33  qoq  x  0.85  =  ^^^'^  ^""P* 

PR'  =  (142.5)2i2'  =  200,000  watts. 
R'  =  200,000/(142.5)2  =  9.85  ohms. 
Res.  (per  mile)  =  9.85/25  =  0.394  ohm. 

From  Appendix  H,  page  464,  the  wire  having  the  next  lowest  resistance 
per  mile  is  0(X)  A.W.G.,  the  resistance  of  which  is  0.333  ohm  per  mile. 

Ana, 
(6)  Total  resistance  per  conductor 

i?  =  25  X  0.333  =  8.34  ohms. 
IR  =  142.5  X  8.34  =  1188  volts. 

(c)  From  Appendix  I,  page  465,  for  0(X)  conductor  and  48-in.  spacing, 
the  reactance  per  conductor  is  0.692  ohm  per  mile. 

Total  reactance  per  conductor,  Z  =  25  X  0.692  =  17.3  ohms.  Ana, 

The  reactance  drop 

IX  =  142.5  X  17.3  =  2,470  volts.  Ans. 

(d)  Applying  equation  (90),  using  volts  to  neutral  (Er  =  16,500  volts), 
cos  e  =  0.85    e  =  31.8**        sin  e  =  0.527 

Eg  =  V (16,500  X  0.85  +  1188)2  +  (16,500  X  0.527  +  2470) « 
=  V(15,220)2  + (11,170)2  =  V357  X  10«   =   18,900  volts, 

The  voltage  at  the  generator  =  2  X  18,900  =  37,800  volts.  Ana, 

(e)  The  line  regulation  is  defined  as  the  rise  in  voUage  when  full  load  is 
thrown  off  the  line,  divided  by  the  load  voltage, 

^       ,   ..           37,800  -  33,000       ..  .  x  . 

Regulation  =  — - — oo  nnn  ^^  ^^'^  P®^  cent.  Ans, 

oo,UUU 

164.  Three-phase  Lme  Calculations. — The  advantage  of 
working  transmission  line  problems  to  neutral  is  much  more 
obvious  in  three-phase  lines  than  in  single-phase  lines.  Figure 
354(a)  shows  a  three-phase  system,  each  conductor  of  which  has 
a  resistance  of  R  ohms  and  a  reactance  of  X  ohms.  The  voltage 
to  neutral  at  the  load  is  Eb  and  the  voltage  to  neutral  at  the  send- 
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ing  end  is  Eq.  In  order  to  determine  the  line  characteristics,  one 
phase  is  removed,  Fig.  354(6),  and  its  characteristics  determined. 
Under  the  condition  of  balanced  load,  which  is  assumed,  the 
relations  in  all  three  phases  are  similar,  so  that  the  results  ob- 
tained with  one  phase  may  be  applied  to  the  other  two.  As 
each  pair  of  wires  is  the  common  return  of  the  third  wire,  no 
current  returns  through  the  ground  under  the  balanced  conditions 
assumed.  As  the  voltage  drop  between  the  load  neutral  and 
the  generator  neutral  is  zero,  the  groimd  may  be  considered  as  a 
return  conductor  of  zero  resistance  and  of  zero  reactance,  as  was 
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(a)  Three-phase  transmisBion  Une  having 
resistance  and  reactance. 
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(6)  One  phase  of  3.phase  Une. 
Fig.  354. — Three-phase  line  having  resistance  and  reactance. 

done  in  the  single-phase  case.  The  load  need  not  necessarily  be 
Y-connected,  as  indicated  in  Fig.  354(a).  The  same  method  is 
used  even  if  the  Iqad  be  delta-connected  and  there  be  no  neutral. 
The  delta-load  is  replaced  by  an  equivalent  Y-load  and  the  com- 
putations are  made  for  one  phase  only. 

Example. — Solve  the  problem  of  Par.  163,  assuming  three-phase  trans- 
mission, o^her  conditions  remaining  the  same.  Power  to  be  delivered,  4,000 
kw.;  load  voltage,  33,000  between  conductors;  distance,  25  miles;  frequency, 
60  cycles;  load  power-factor,  0.85;  spacing  of  conductors,  48  in.;  allowable 
line  loss  10  per  cent  of  power  delivered.  Find  (a),  (6),  (c),  (d),  and  (e), 
Par.  163. 

(a)  The  power  per  phase  =  4,000/3  =  1,330  kw. 

The  voltage  to  neutral  Eb  *  33,000/ \/3  -  19,070  volts. 
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rx         *  A     4.      T  1,330,000  „„ 

Current  per  conductor  /  =  m  f\'7f\  \y  n  qk  ~  ^^.3  amp. 

Allowable  loss  per  conductor  =  1,330  X  0.10  =  133  kw.  =  133,000  watts. 

Resistance  per  conductor  iJ'  =  709  q\2    ~  19.64  ohms. 

Resistance  per  mile  =  19.64/25  =  0.786  ohm. 

From  Appendix  H,  page  464,  the  wire  having  the  next  lowest  resistance 
per  mile  is  No.  1  A.  W.  G.,  the  resistance  of  which  is  0.665  ohm  per  mile; 

Ans. 

(b)  Total  resistance  per  conductor 

R  =  25  X  0.665  =  16.6  ohms 
IR  =  82.3  X  16.6  =  1,365  volts.     Ans. 

(c)  From  Appendix  I,  page  465,  for  No.  1  wire  and  48-in.  spacing,  the  re- 
actance is  0.734  ohm  per  mile. 

Total  reactance  per  conductor 

X  =  25  X  0.734  =  18.35  ohms. 
The  reactance  drop 

IX  =  82.3  X  18.35  =  1,510  volts.     Am, 

(d)  From  equation  (90),  using  volts  to  neutral,  (Er  =  19,070  volts), 
cos  0  =  0.85    0  =  31.8°        sin  9  =  0.527 

Eo  =   \/(19,070  X  0.85  +  1.365)^  +  (19,070  X  0.527  +I,5l0)* 

=  V(17,580)2  +  (11,560)2  =  V443  X  10«  =  21,000  volts. 

The  voltage  between  conductors  at  the  sending  end 

E'g  =  V^  X  21,000  =  36,400  volts.     Ana, 

r  \T>       w  21,000  -  19,070      1,930         -^  -  ,       . 

(e)  Regulation  =  — '- — ^^  ^^^  =  ^^q^q  or  10.1  per  cent.    Ans. 

165.  Lines  Having  Considerable  Capacitance. — Heretofore  the 
line  capacitance  has  been  considered  negligible  in  its  effect  on 
the  regulation.  In  long  lines  of  high  voltage  the  charging  cur- 
rent, due  to  the  line  capacitance,  may  have  a  very  considerable 
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Fio.  355. — Transmission  line  having  resistance,  reactance  and  capacitance. 

effect  on  the  regulation.  Its  tendency  is  to  cause  the  voltage 
to  rise  from  the  sending  end  to  the  receiving  end.  The  capaci- 
tance of  the  usual  Une  is  distributed  uniformly  along  the  line. 
The  calculations  are  very  considerably  simplified,  however,  if 
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the  total  capacitance  C  to  neutral  be  divided,  one-half  being 
concentrated  at  the  sending  end  and  one-half  at  the  receiving 
end,  in  parallel  with  the  load,  Fig.  356.  This  assumption  intro- 
duces little  or  no  error  in  the  results,  even  for  the  longest  existing 
60-cycle  lines.  The  condenser  at  the  sending  end  has  no  effect 
on  the  regulation,  but  its  charging  current  7c/2  must  be  added 
vectorially  to  the  line  current  /  in  order  to  obtain  the  total 
ciurent  supplied  by  the  generator.  The  current  /c/2  taken  by 
the  condenser  at  the  load  must  be  added  vectorially  to  the  load 
ciurent  Ir  in  order  to  obtain  the  total  line  current  /.  The  prob- 
lem is  then  treated  by  the  methods  already  outlined. 

Example. — It  is  required  to  deliver  30,000  kw.  at  0.80  power-factor  at  a 
distance  of  100  miles,  with  a  line  loss  not  exceeding  10  per  cent,  of  the  power 
delivered.  The  voltage  at  the  load  is  120,000  volts,  60  cycles,  and  the  lines 
are  arranged  at  the  apexes  of  an  equilateral  triangle,  12  ft.  on  a  side.  Deter- 
mine: (a)  the  line  regulation;  (6)  the  total  power  supplied  by  the  generat- 
ing station. 

The  power  per  phase, 

The  volts  to  neutral  at  the  load, 

Er  =  120,000/ \/3  =  69,300  volts. 
The  current  per  conductor  at  the  load, 

T  10,000  ,g^^ 

^  =69,300  X  0.80  =  ^^^'^  ^^P- 

The  power  loss  per  conductor  =  10,000  X  0.10  =  1,000  kw.  =  1,000,000 
watts. 

The  conductor   resistance  iJ'  =    /^on'g\y    =  30.7  ohms. 

30  7 
Res.  per  mile  =  -z-^  =  0.307  ohm. 

From  Appendix  H,  page  464,  the  wire  having  the  next  lowest  resistance 
per  mile  is  0000,  the  resistance  per  mile  of  which  is  0.264  ohm. 

The  conductor  resistance  iJ  =  100  X  0.264  =  26.40  ohms. 

From  Appendix  I,  page  465,  the  reactance  per  conductor  per  mile 
for  0000  wire  and  144-in.  spacing  is  0.810  ohm. 

'^'otal  reactance  =  100X0.810  =   81.0  ohms. 

The  charging  current  for  0000  wire  with  144-in.  spacing  and  100,000  volts 
to  neutral  is  from  Appendix  J,  page  466,  0.523  amp.  per  mile. 

The  total  charging  current  for  the  above  line  is 

/<,  =  0.523.x  /(^-^^X  100  =  36.2  amp. 


l;;/2-18.1 
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As  only  one-half  the  line  capacitance  is  assumed  at  the  receiving  end,  the 
charging  current  flowing  over  the  line,  Ic/2  =  36.2/2  =  18.1  amp. 

In  order  to  find  the  total  line  current,  however,  this  18.1  amp.  must  be 
added  vectorially  to  the  180.5  amp.  of  load-current.  Therefore,  Fig.  356, 
the  load  current  is  resolved  into  an  energy  component  /  cos  d  =  ii  =  180.5  X 
0.8  =  144.4  amp.,  and  a  quadrature  com- 
ponent /  sin  ^  =  1*2  =  180.5  X  0.6  =  108.3 
amp. 

As  the  quadrature  component,  108.3 
amp.,  lags  the  load  voltage  by  90**  and 
the  charging  current,  18.1  amp.,  leads  the 
load  voltage  by  90°,  the  resulting  quad- 
rature component  is 

i'  =  108.3  -  18.1  =  90.2  amp. 
The  total  line  current 

/'  =  V  (144.4)  2  +  (90.2)2  =  170  amp. 
The  voltage  at  the  sending  end 

Eg  =  V (69,300  X  0.8  +  170  X  26.4)*  +  (69,300  X  0.6  -|-  170  X  81.0) « 
=  V (3,590  +  3,060)  X  10«  =  81,500  volts. 

.XT-              IX-           81,500-69,300      12,200       ,.^  ^        . 

(a)  Lme  regulation  =  —     6Q  3QQ   ~  60300 ^^  ^^^  ^®° 

(6)  The  total  line  loss 

P'  =  3  X  (170)2  X  26.4  =  2,290  kw.     Ana. 
The  total  generator  power 

Po  =  30,000  -h  2,290  =  32,290  kw.       Ana, 


Fig.  356. — Effect  of  line  charging 
current  on  total  line  current. 


166.  Corona. — Figure  357  shows  a  tapered  conductor  whose 
diameter  at  the  large  end  is  about  a  half-inch.  This  conductor 
tapers  gradually  to  a  point.  It  is  suspended  vertically  in  air 
with  its  tip  about  18  in.  from  a  conducting  sheet  or  plate,  which 
is  grounded.  The  secondary  terminals  of  a  high-voltage  trans- 
former are  connected,  the  one  to  the  tapered  conductor  and  the 
other  to  the  plate. 

A  low  voltage  is  first  applied  to  the  transformer  and  the  voltage 
is  then  gradually  increased.  When  the  secondary  voltage  is  in 
the  neighborhood  of  from  3,000  to  4,000  volts,  a  bluish  discharge 
occurs  from  the  pointed  tip  of  the  conductor.  This  may  be 
plainly  seen  if  the  room  be  darkened.  As  the  voltage  is  increased, 
the  bluish  discharge  forms  further  up  on  the  conductor  and  sur- 
rounds it  in  a  ring.    Wheij  th^  voltage  reaches  the  neighborhood 
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of  100,000  volts,  this  bluish  discharge  may  have  formed  on  the 
rod  up  to  a  point  where  the  diameter  of  the  rod  is  about  %  in. 
Meanwhile  the  discharge  from  near  the  pointed  end,  and  the 
accompanying  hissing  sound,  will  have  become  quite  vigorous. 


Step-up 
Ttaosformer 


z=r    Grooad 
Fig.  357. — Formation  of  corona  on  a  tapered  conductor. 


This  bluish  discharge  is  called  corona.  It  occurs  when  the 
electrostatic  stress  in  the  air  exceeds  about  75,000  volts  maximum 
per  inch,  or  53,000  volts  eflfective  per  inch.  At  this  voltage 
gradient  the  number  of  electrostatic  lines  per  imit  area  becomes 
too  great  for  the  air  to  withstand.  (See  Vol.  I,  Chap.  IX,  p. 
200.)     This  is  the  reason  why  corona  first  appears  at  the  sharp 

point.  The  electrostatic  flux 
lines  are  more  concentrated 
at  points.  This  is  illus^ 
trated  in  Fig.  358,  which 
shows  a  conducting  body 
suspended  in  air,  the  po-* 
tential  of  the  body  being 
considerably  above  ground 
Fig,  368.-Effect  of  radius  of  curvature   potential.     The  electrostatio 

on  distribution  of  electrostatic  lii^es.  f.  .  , ,  .     ,      , 

Imes  leaving  this  body  are 
indicated.  They  are  much  more  dense  at  those  parts  of  the 
surface  having  a  smaller  radius  of  curvature. 

When  air  is  so  highly  ionized  that  corona  forms,  its  dielectric 
strength  is  practigally  nil,  and  the  m  may  be  coni^iderid  as 
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broken  down  or  disrupted  electrically.  Under  these  conditions, 
the  air  becomes  a  partial  conductor  and  is  practically  valueless 
as  an  insulator. 

Corona  is  always  accompanied  by  the  production  of  ozone,  the 
odor  of  which  is  readily  detected.  In  the  presence  of  moisture, 
nitrous  acid  forms  when  corona  occurs.  The  acid  and  ozone  may 
attack  metals  and  other  substances,  such  as  insulating  materials. 
When  corona  occurs,  the  resulting  ozone  is  very  active  chemically. 

Corona  is  accompanied  by  a  dissipation  of  energy.  If  a  trans- 
mission line  be  operated  at  a  sufficiently  high  voltage,  ( 
occurs.  Where  a  line  is  long,  the 
loss  becomes  serious  and  must  be 
considered  when  the  line  is  de- 
signed. The  loss  may  be  reduced 
by  increasing  the  diameter  of  the 
conductors  and  thus  increasing 
their  radius  of  curvature.  This 
fact  favors  aluminum  for  trans- 
mission line  conductors,  other 
factors  being  equal.  Figure  359 
shows  the  conductors  of  a  high- 
voltage   line   illuminated   by  the 

corona  dischai^e.  (For  a  more  complete  discussion  see  "The 
Law  of  Corona  and  the  Dielectric  Strength  of  Air,"  by  F.  W. 
Peek,  Trans.  A.  I.  E.  E.,  Vol.  XXX  (1911),  p.  1889.) 

LIGHTNING  ARRESTERS 

167.  Multigap  Arresters. — Abnormal  voltage  rises  occur  in 
power  systems  due  to  lightning  discharge,  switching,  short- 
circuits,  and  other  disturbances.  These  voltage  rises  may  dam- 
age the  system  and  any  connected  apparatus,  by  puncturing 
insulation,  by  producing  insulator  flash-overs,  arcing  grounds, 
etc.  It  is  therefore  highly  desirable  to  relieve  the  line  of  such 
disturbances  whenever  possible.  This  is  done  by  means  of 
lightning  arresters,  whose  function  is  to  relieve  any  abnormal 
voltage  rise  by  passing  current  to  ground  and  therefore  prevent- 
ing damage  to  the  system  and  connected  apparatus. 

Lightning  arresters  are  connected  between  the  line  to  be  pro- 
tected and  the  ground.    They  must  have  four  properties.    They 
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168.  Ham  Gaps. — ^For  higji  voltAgjes,  the  bom  fpap.  Fig.  atl, 
isoftanused.  The  gap  c<Misi&ts  of  two  bonis,  eadli  mounted  on  an 
insulator,  and  the  gap  itself  is  located  between  the  lower  parts 
<tf  the  b(»ii&  One  hnn  is  connected  directly  to  the  line  to  be 
protected  and  the  oth^  is  connected  thiougib  a  redbtance,  usually 
water,  and  a  dbfdke  cofl  to  ground.  The  gap  is  bo  set  that  ordi- 
naiy  c^ierating:  rottagjes  cannot  jump  it.  When  the  roltiSj^ 
rises  so  tha:t  h  is  from  150  to  200  per  cent,  of  its  normal  inahie^ 
it  jumps  the  gap  and  the  disturhance  paeses  to  ground.    The 
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Fic.  361. — Homrgap  Ugfatnint;  arrester. 

resistance  and  choke  coil  limit  the  cuirent  and  «o  prevent  the  line 
being  grounded  by  the  arc.  The  function  of  the  hcffns  is  to 
break  the  arc.  An  arc  tends  to  rise  because  t>f  its  heat,  and  also 
because  of  the  well  known  law  that  a  current  tends  to  form  as 
large  a  loop  as  possible,  in  order  to  make  the  permeance  of  the 
magnetic  circuit  a  maximum.     (See  Vol.  I,  p.  12,  Par.  17.) 

Horn  gaps  are  not  altogether  satisfactory,  because  ttey 
often  arc  over  unnecessarily;  the  protection  which  they  ^ord  is 
infiuflBcient  because  of  the  resistance  and  choke  <joil,  and  ttey  tio 
not    always   suppress    the   dynamic   aixj    which   foUpf^   U» 
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transient  dischai^e.    This  results  either  in  a  pennaoeDt  arcing- 
ground  or  the  destruction  of  the  gap. 

169.  The  Aluminum  Cell  Arrester. — The  aluminum  cell 
arrester  has  proved  to  be  the  most  reliable  type  of  arrester  and 
is  now  universally  used  on  large  power  systems.  It  is  based  on 
the  following  principle;  If  aluminum  be  inomersed  in  certain 
electrolytes  and  a  direct-current  voltage  be  impressed  on  the 
aluminum  and  the  electrolyte,  no  appreciable  current  flows, 
except  for  an  mstant.  This  is  due  to  the  fact  that  the  current 
builds  up  a  very  thin  film  of  aluminum  oxide  on  the  plate,  which 
acts  as  an  insulator.  This  film  builds  up  with  alternating 
current  as  well  as  with  direct  current.  The  oxide,  however, 
constitutes  an  insulator  and  also  a  dielectric  of  almost  infinitesi- 
mal thickness.  Therefore,  considerable  capacitance  exists  be- 
tween the  plate  and  the  electrolyte.  This  would  result  in  a 
considerable  charging  current  through  the  arrester,  with  alter- 
nating current,  if  it  were  connected  directly  across  the  line. 

This  film  is  an  excellent  insulator 
up  to  approximately  340  volts  eflFect- 
ive.  When  the  voltage  exceeds  this 
critical  value,  the  film  breaks  down 
and  allows  a  large  current  to  pass. 
When  the  voltage  again  drops  below 
this  critical  value,  the  film  re-forms 
and  stops  the  current  flow.  Hence, 
such  a  device  is  an  electrical  safety 
valve.  Its  characteristics  are  there- 
fore ideal  for  a  hghtning  arrester. 
Several  cells  are  always  connected  in 
series,  the  number  of  cells  depending 
on  the  voltage.  The  oxide  films  pre- 
vent any  discharge  so  long  as  the 
line  voltage  is  normal.  If  the  line 
voltage  becomes  abnormally  high,  the 
aluminum  films  are  broken  down  and 
the  discharge  passes  readily  to  ground.  When  conditions  again 
become  normal,  the  films  re-form  and  no  power  arc  can  follow 
the  discharge. 
In  practice,  the  aluminum  is  in  the  form  of  cones,  the  proper 
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number  being  clamped  together  in  a  stack.  Fig.  362.  Each 
cone  is  about  half  filled  with  electrolyte.  The  entire  stack  is 
immersed  in  oil,  as  the  oil  acts  as  an  excellent  insulator  and  also 
absorbs  the  enei^y  of  the  dischai^e. 

Were  the  stack  connected  directly  across  the  line,  the  charging 
current  to  the  stack  would  cause  considerable  heating  in  the  cell 
and  would  therefore  reduce  its  capacity  for  absorbing  the  energy 
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of  the  discharge.  Consequently,  there  is  a  small  horn  gap  in 
series  with  each  arrester,  as  shown  in  Fig.  363.  The  gap  is  very 
short  in  comparison  with  the  arcing  distance  of  the  circuit,  so 
that  it  does  not  interfere  to  any  extent  with  discharges  occurring 
during  abnormal  voltage  rises.  The  use  of  spheres  for  the  gaps, 
which  are  shown  in  Fig.  363,  increases  the  speed  of  the  gaps  in 
discharging  high-frequency  impulses. 
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In  time,  the  film  dissolves  and  it  is  necessary  to  re-form  it 
about  every  24  hours.  This  is  done  by  closing  the  auxiliary  gap 
(lower  gap,  Fig.  363),  which  allows  the  arrester  to  charge  through 
a  carbon-rod  resistance  and  so  re-forms  the  film.  The  purpose  of 
the  carbon  rod  is  to  limit  the  charging  current  and  to  damp  out 
high-frequency  disturbances  that  might  otherwise  occur  when 
the  arrester  is  being  charged. 

In  arresters  whose  rating  exceeds  12  kilo  volts,  there  are  three 
stacks  for  a  grounded  3-phase  system,  each  stack  being  connected 
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FiQ.  364. — Connections   of   aluminum-cell   arresters   on   S-phase,   ungrounded 

system. 


between  its  respective  conductor  and  groimd.  In  a  non- 
grounded  system,  the  three  line  stacks  are  connected  in  a  common 
Y,  and  a  fourth  stack,  called  the  ground  stack,  is  connected 
between  the  neutral  of  the  Y  and  ground,  Fig.  364.  In  Fig.  364, 
No.  3  is  the  ground  stack.  By  revolving  the  transfer  switch 
through  180*^  in  a  horizontal  plane.  No.  2  becomes  the  ground 
stack  and  No.  3  is  connected  between  the  middle  conductor  and. 
the  system  neutral. 
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Lightning  arresters  should  be  connected  to  the  incoming 
line  where  it  enters  the*  station,  or  even  outside  the  station. 
Choke  coils,  consisting  of  a  few  turns  of  bare  wire,  are  connected 
between  the  arresters  and  the  station  bus-bars,  Fig,  365.  When  a 
sui^e  reaches  the  station,  it  has  a  choice  of  two  paths,  the  in- 
ductive path  through  the  choke  coil  into  the  station  and  the 
condensive  path  through  the  arrester  to  ground.  Obviously,  a 
Burge,  being  of  high  frequency,  will  take  the  path  to  ground 
through  the  arrester,  whose  condensive  reactance  is  low  at  high 
frequencies. 


TRANSMISSION  LINE  CONSTRDCTION 

170.  Pin-type  Insulators. — The  success  of  any  transmission 
line  depends  to  a  lai^e  extent  on  the  insulators.  Little  or  no 
difficulty  is  encountered  in  insulating  low-voltage  lines.  Pin- 
type  insulators  are  always  used  for  such  lines,  because  they  are 
cheap,  arc  easy  to  install  and  act  as  rigid  supports  for  the  con- 
ductors. Pin-type  insulators  are  made  of  glass,  of  porcelain,  and 
of  patented  compounds. 

Glass  is  suitable  for  lines  of  light  construction,  such  as  tele- 
phone lines,  and  for  power  lines  of  moderate  voltage.  Its  ad- 
vantages up  to  10,000  or  15,000  volts  are  its  cheapness  and  the 
fact  that  cracks  and  flaws  are  readily  detected.  On  the  other 
band,  it  is  hygroscopic  and  breaks  readily. 
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Porcelain  has  excellent  mechaDical  and  electrical  eharactei^ 
istics,  hut  is  more  expensive  than  glass.  Internal  flaws  are  not 
readily  detected  and  cracka  in  the  porcelain  cause  rsiHd  deteriora- 
tion of  the  insulator.  Porcelain  is  practically  the  cmly  matnial 
used  for  inaulatont  on  high-voltage  power  Unes. 

Patented  compounds  have  good  mechanical  characteristics 
and  are  readily  moulded  to  any  desired  form.  They  cannot 
withstand  the  severe  mechanical  stresses  combined  with  the 
electrical  stresses  and  weathering  encountered  in  power  lines. 

In  the  larger  sizes  of  pin-type  insulator,  the  insulator  is  made 
up  in  sections  cemented  t<%ether,  Fig.  366.     Pin-type  insulators 
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Pio.  366.— Typical  77,000-volt,  r 


i-type  insulator. 


can  be  safely  uecd  for  voltages  up  to  about  66,000  volts,  but  for 
these  high  voltages  they  are  large,  expensive,  and  produce  ex- 
cessive torsion  in  the  cross-arms. 

171.  Suspension-type  Insulator. — It  seemed  at  one  time  as 
if  the  insulator  would  limit  transmission  voltages,  as  the  pin- 
type  had  practically  reached  its  limit  in  size,  weight,  and  cost. 
The  introduction  of  the  suspension-type  insulator,  however,  has 
raised  the  Umit  of  transmission  voltages  to  more  than  double  the 
value  possible  with  the  pin-type  insulator.  With  the  suspension 
type  of  insulator,  the  conductor  is  suspended  instead  of  being 
rigidly  supported.  A  string  of  suspension  insulators  is  made  up 
of  several  units  in  series,  the  number  of  units  depending  on  the 
voltage.  A  single  unit  can  safely  operate  at  from  16,000  to 
25,000  volts,   depending  on  local  conditions.    Under  normal 
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conditions,  the  insulator  string  acts  as  a  flexible  support  for  the 
conductor  and  offers  little  or  no  resistance  to  horizontal  forces. 
Hence,  the  stresses  in  adjacent  spans  should  be  nearly  balanced 
or  the  string  will  be  pulled  out  of  the  vertical  line.  When  a 
span  breaks,  the  string  is  thrown  temporarily  into  the  adjacent 
unbroken  span  as  a  strain  or  dead-end  insulator.  Suspension 
insulators  are  also  used  as  strain 
insulators  at  dead  ends,  railroad  j 
crossings,  etc.  Figure  367  shows 
a  section  of  a  link-type  suspen- 
sion insulator  in  which  the  sus- 
pension loops  link  each  other. 
Figure  368  shows  a  string  of 
such  insulators  arcing  overundei 
high  voltage. 


Fia.  367.— Section  of  lmk-tyi>e 
suspension  insulator. 


no.  i)o8. — Arc-over,  at  60  cycles,  of  ( 
6-unit  string  of  link-type  insullttOTB. 


172.  Transmission  Structures. — There  are  three  general  types 
of  transmission  structures  employed  in  this  country,  wooden  polra, 
steel  poles,  and  steel  towers.    Concrete  poles  are  used  occasionally. 

Wooden  poles  are  used  on  the  lighter  lines,  especially  where  the 
voltage  is  low.  Wooden  poles  have  the  advantage  of  being 
cheap,  particularly  when  used  near  wooded  sections.  They  are 
also  light,  easily  fitted  and  erected.  On  the  other  hand,  their 
life  is  comparatively  short  so  that  they  require  frequent  renew- 
als. They  arc  not  sufficiently  strong  for  heavy  lines  operating 
at  high  voltage.  Owing  to  the  limited  height  of  wooden  poles, 
the  spans  must  be  short. 
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Steel  poles  arc  or<linarily  made  of  four  main  members  sup- 
portod  and  hracod  by  lattice  work,  Fig.  369,  and  are  usually  set 
iu  concrete.     This  typo  of  pole  is  strong  and,  if  painted  occa- 
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Fio.  309. — Steel  polo  carrying  high  Fla.    370. — Archbold-Bradj   tower, 

voltago  to  E.  St.  Louia&  Suburban  Ry.       254  ft.  high,  at  Thames  River  oross- 
Co.     {Archbold-Brady  Co.)  ing,  Montville.  Conn. 


eionally,  has  a  long  life.  It  does  not  require  a  wide  right  of 
way.  It  is  particularly  useful  in  mill  yards  and  along  railroad 
tracks,  where  the  space  is  limited.     Except  for  moderate  heights, 
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however,  towers  are  cheaper  than  steel  poles,  especially  in  this 
country,  where  labor  costs  are  high. 

Steel  towers  are  a  development  of  the  windmill  tower  so  com- 
mon in  this  country.  They  are  ordi- 
narQy  composed  of  four  main 
members  braced  by  light  cross-mem- 
bers. They  are  stronger  and  more 
rigid  than  either  the  wooden  or  the 
steel  pole.  As  they  are  made  of  a 
comparatively  few  standard  mem- 
bers, riveted  or  bolted  together,  the 
labor  costs  are  comparatively  low. 
Owing  to  the  spread  of  the  four 
main  members,  they  are  able  to  re- 
sist the  high  torsional  stresses  such 
as  would  result  from  the  breaking 
of  the  conductors  on  one  side. 
Towers  may  be  set  in  concrete 
bases.  This  is  necessary  if  the 
ground  is  marshy.  A  less  expen- 
sive method  is  to  rivet  plates  or 
feet  on  the  bottom  and  bury  the 
lower  supports  directly  in  the 
ground.  The  towers  are  usually 
shipped  "knocked  down"  and  are 
assembled  on  the  spot  by  the  erect- 
ing crew.  Figure  370  shows  a  trans- 
mission tower  of  unusual  height 
which  supports  the  power  lines  of 
the  Eastern  Connecticut  Power 
Company  at  a  river  crossing, 

A   cheaper  form  of  transmission 
line  structure  is  the  flexible  tower.       FK..37i.-i32,CH)0-voU,8mBle- 

This   form   of   tower  is  based  on  the    circuit,  A-frame,  fleiiblo  tower  ot 

principle  that  if  the  stresses  in  two  Sht''ct^'lc°«*?S;''S.J 
adjacent  spans  are  equal,  the  struc- 
ture acts  merely  as  a  prop  which  supports  the  line  but  which  need 
not  resist  longitudinal  forces.  Flexible  towers,  Fig.  371,  are  merely 
A-frames  designed  to  withstand  the  maximum  transverse  stress 


406  ALTERNATING  CURRENTS 

which  may  occur,  but  are  not  intended  to  withstand  stress  in  the 
fli ruction  of  the  line.  When  these  towers  are  used,  an  anchor 
tower  about  every  mile  is  necessary,  in  order  to  take  care  of  any 
unbalanced  lonji^turlinal  forces  which  occur  when  conductors 
break.  When  suspension  insulators  are  used,  a  steel  ground 
wire  is  necessary  at  the  top  of  the  structure  to  give  longitudinal 
support  to  the  tower.  The  advantage  of  flexible  tower  construc- 
tion lies  in  the  fact  that  the  towers  are  usually  assembled  complete 
in  the  shop  and  are  easily  erected. 

SUB-STATIONS 

173.  Transfonner  Sub-stations. — The  function  of  the  sub- 
station is  to  receive  the  electrical  energy,  usually  at  a  voltage  too 
high  for  commercial  purposes,  and  to  deliver  this  energy  at  other 
voltages  and  sometimes  at  other  frequencies  such  as  may  be 
required  for  the  district  served. 

The  sub-station  may  be  a  transformer  station  only,  receiving 
energy  at  a  voltage  of  26,400  volts,  for  example,  and  transforming 
it  to  2,300  volts  for  general  distribution.  Figure  372  shows 
the  wiring  diagram  of  such  a  station.  Two  distribution  lines 
leave  the  station  at  2,300  volts,  one  for  lighting  and  one  for 
power.  Power  loads  and  lighting  loads  should  be  kept  separate, 
if  possible,  in  order  to  avoid  the  flickering  of  lamps  when  the 
motor  loads  are  thrown  on  and  off  the  line.  Usually  2,300  to 
230-115  volt  transformers  are  used  to  step  down  the  voltage  for 
lighting  purposes,  a  three-wire  system  being  employed  for  the 
secondary.  (See  page  379,  Fig.  343.)  Owing  to  the  possibility 
of  the  low-voltage  wires  coming  in  contact  with  high-voltage 
wires,  and  so  exposing  the  consumer  to  danger,  one  wire  of  the 
secondary  of  lighting  circuits,  usually  the  neutral,  should  be 
grounded  at  each  consumer's  premises.  As  motor  loads  are 
usually  three-phase,  two  V-connected  transformers,  three 
single-phase  transformers,  or  a  single  three-phase  transformer 
may  be  used  for  stepping  down  the  voltage.  In  order  to 
save  secondary  copper,  motors  are  often  operated  at  440  or  550 
volts.  Some  large  consumers,  employing  a  few  large  motors,  may 
operate  them  at  2,300  volts  and  thus  eliminate  the  step-down 
transformers. 
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174.  Motor-generator  and  Synchronous-converter  Substa- 
tions.— It  is  often  necessary  to  obtain  direct  current,  either 
for  power  supply  to  a  thickly  populated  district  or  for  electric 
railways.  As  has  been  pointed  out  (page  342,  Par.  137),  either 
the  s>Tichronous-motor-generator  set,  the  induction-motor- 
generator  set,  or  the  synchronous  converter  may  be  employed 
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Fig.  372. — Typical  connections  for  a  transformer  sub-station. 

for  changing  the  alternating-current  supply  into  direct  current. 
The  advantage  of  the  synchronous-motor-generator  set  is  that 
its  power-factor  may  be  controlled;  its  disadvantage  is  its  ten- 
dency to  fall  out  of  step  when  line  disturbances  occur.  The 
advantage  of  the  induction-motor-generator  set  is  that  the  in- 
duction motor  tends  to  continue  operating  even  when  severe  line 


40fi 


ALTERNATINO  CURRENTS 


<ltHtitrbanc<!fi  ocnur;  the  inductioD  motor  does  not  require  direct-' 
<tiirriiiit  nxoitiition ;  it  in  very  rugged.  Its  principal diBadvantaget! 
lire  that  it  tukcH  lugging  current  and  at  light  loads  its  power- 
factor  IH  low. 


tV*.  S^S^<l^.— $«)trli  wewwMF  *iA  cHb, 


11w  »<.t\'a»iafH«  and  iti^dx'^Miiaices  of  the  sTnchranoas  eon- 
wntT  a^  mHuivuvit  nriih  mouur-ieenemiiH-  sets  haw  aJieat^  been 
dkrtlJiANl  ill  1'^.  1;<I7.  |Kit!t>  342. 

ITS.  Oil  Switches. — Wiih  sun  nrdiiiMT  «ir-l»vat  switdi,  it 
et  (W»oi)<^t>'  initxv^f.ihk-  to  hrc^  a  hi^t-rolt*^  tiranl  sop- 
|4,viui^  aii>~  oottstik-nble  amouni  ot  pom.    Specnl  airJiccaifc 


TRAmMISSION  OF  POWER  B  Y  ALTERS  A  TING  C  VRRENT  409 

switches  are  in  use  for  interrupting  high-voltage  circuits,  but 
the  knife  blades  of  these  switches  are  from  4  to  6  ft.  long  and  the 
switch  is  provided  with  horn  gaps.  Such  switches  are  suited 
only  to  outside  mounting,  where  there  is  ample  space  for  the 
resulting  arc.  The  power  rating  of  such  switches  is  very  limited. 
To  interrupt  high-voltage  circuits,  especially  where  the  power  is 


Fig.  373(6). — Details  of  individual  pole. 
Fio.  373(a)   and   (6).— General  Electric  triple-pole,  Ifi.OOO-volt,  1200-amp., 
lootor-operated,  oil  circuit  breaker  with  interlocks  between  the  mechanism,  the 
cell  doors,  and  the  diflconnectlng  switch. 

large,  the  switch  contacts  must  be  immersed  in  oil  in  order  to 
quench  the  resulting  arc.  When  the  voltage  is  even  moderately 
high,  a  separate  compartment  for  each  phase  is  necessary.  The 
switches  usually  have  double  breaks,  Fig.  373(a)  and  (b),  and 
the  energy  concentrated  at  each  break  is  half  the  total  energy. 
The  effect  of  the  oil  is  to  cool  and  quench  the  arc  while  the  cir- 
cuit is  being  opened.    The  heat  of  the  arc  tends  to  carbonize  the, 
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oil  <H>  that  it  lA  occafflonally  necessary  to  renew  the  <hL  Daring 
ahortwnrciiita,  the  switch  may  be  cafled  upon  to  aboorb  a  lais^ 
amount  of  enerj^  in  a  very  short  time.  The  resulting  iMtaMUii 
within  the  ?}witch  compartments  may  be  very  high,  so  that  h  is 
necessary  to  construct  the  tanks  of  heavily  riveted  or  wdded 
.steeL     Even  so,  exi^osions  of  switch  cells  are  not  uncommon. 

Due  to  the  fact  that  carbonized  oil  may  form  a  ccmdncting 
path  between  switch  contacts,  there  is  always  a  possibility  of 
injiiry  to  persons  woridng  on  the  supposedly  dead  ade  of  the 
«!witch.  Therefore,  it  is  alwa3rs  desirable  to  have  an  air-break 
disconnecting  switch  in  each  phase.  The  disconnecting  switch 
may  form  a  part  of  the  switch,  as  in  Fig.  373,  or  it  may  be  in- 
stalled on  a  separate  outside  mounting.  (See  wiring  diagram. 
Fig.  372.)  The  disconnecting  switch  is  not  called  upon  to 
interrupt  the  circuit  under  operating  conditions,  but  is  c^iened 
only  after  the  oil  switch  has  interrupted  the  circuit. 

Practically  all  oil  switches  operating  at  high  ventages,  or 
connected  in  circuits  of  considerable  power,  are  operated  by 
remote  control.  Both  solenoids  and  motors,  energized  from  a 
low-voltage  circuit  and  controlled  from  the  switchboard  by  low 
voltage,  are  used  to  operate  the  oil  switch. 

The  switch  of  Fig.  373  is  motor-operated.  The  motor  winds  a 
spring  immediately  after  the  switch  has  operated,  leaving 
the  spring  ready  to  open  or  close  the  switch,  depending  on  what 
the  next  operation  is  to  be.  Two  separate  compartments  per 
pole  are  used,  Fig.  373,  one  for  each  contact.  This  makes  the 
energy  per  cell  half  that  which  would  exist  if  a  single  tank  were 
used.  The  oil  baffles  shown  in  Fig.  373(b)  are  particulariy 
important. 

176.  Arrangement  of  Apparatus  in  Sub-stations. — ^The  purpose 
of  the  subnatation  building  is  to  protect  the  equipment  and  the 
operator  from  the  weather.  The  incoming  high-voltage  lines 
are  brought  in  either  through  the  roof,  by  means  of  roof-bushings, 
or  through  the  sidewalls  by  means  of  wall-bushings.  Fig.  365, 
page  401.  The  incoming  wires  are  bent  to  form  drip  loops  so 
that  water  will  not  run  down  the  wires  into  the  station. 

The  high-voltage  bus-bars  are  usually  located  near  the  roof 
of  the  station  so  as  to  be  out  of  the  way.  It  is  also  desirable  to 
place  other  high-voltage  equipment,  such  as  lightning  arresters, 
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oil  switches,  etc.,  on  some  form  of  balcony  or  else  inside  an 
enclosure  bo  that  the  possibility  of  personal  contact  is  minimized. 
177.  Automatic  Sub-stations. — In  order  to  eUminate  the  cost 
of  having  an  attendant  in  the  smaller  sub-stations,  automatic 
sub-etations  have  been  developed.  These  are  particularly 
adapted  to  electric  railway  work.  After  the  trolley  voltage  in  the 
vicinity  of  the  station  has  fallen  below  a  predetermined  value 
and  remained  there  for  a  minute  or  so,  a  combination  of  relays 
and  switches  starts  up  one  of  the  synchronous  converters  or 


motor-generator  sets  and  connects  it  to  the  trolley  line.  If  the 
load  on  the  station  exceeds  the  safe  load  of  the  machine  in 
service  at  that  time,  another  machine  starts  up  automatically 
and  after  it  is  connected  across  the  line,  the  field  rheostat  operates 
to  make  it  take  its  share  of  the  load.  Likewise,  the  machines 
drop  out  of  service  automatically  after  the  load  has  fallen  below  a 
predetermined  value.  Fig.  374  shows  the  interior  of  one  of  these 
stations. 

178.  Outdoor  Sub-stations. — When  the  voltage  is  high,  the 
clearances   required   by   the   high-tension   leads   and   bus-bars. 
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within  a  Bub-etation  may  require  a  lar^e  building  and  hence  a 
considerable  investment.  The  investment  in  equipment  and 
in  buildings  situated  along  transmission  lines  and  supplying  small 
loads  may  be  lanie  compared  with  the  kilowatt-hours  consumed. 
Sub-stations  for  small  loads  would  not  be  economically  possible 
were  it  necessary  to  place  all  the  apparatus  within  a  building. 
Transformers,  switches,  lightning  arresters,  have  been  designed 
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so  that  it  is  possible  to  operate  them  out  of  doors.  The  building 
needs  only  to  house  the  switchboard  and  the  oj)erator,  if  one  is 
necessary.  The  oil  switches,  the  lightning  arresters,  the  trans- 
formers, and  the  bus-bars  can  all  be  placed  out  of  doors.  The 
apparatus  must  be  practically  air  tight  to  keep  out  moisture. 
Outdoor  sub-«tations  on  a  large  scale  are  highly  developed  at  the 
present  time.  Figure  375  shows  ao  outdoor  «ub-station  of 
moderate  size. 


CHAPTER  XIII 
ILLUMINATION  AND  PHOTOMETRY 

Light  is  a  form  of  radiant  energy  and  is  probably  due  to  vibra- 
tions set  up  in  the  ether  by  luminous  bodies.  It  has  the  property 
of  producing  the  sensation  of  vision  on  the  retina  of  the  eye  and 
so  enables  objects  to  be  seen  and  distinguished. 

Illumination  means  specifically  the  light  incident  on  a  surface 
or  object,  but  in  a  broader  sense  it  has  come  to  signify  that 
branch  of  engineering  having  to  do  with  the  distribution  and 
utilization  of  light.  The  measurement  of  light  and  light  dis- 
tribution is  called  photometry. 

179.  Candlepower. — The  brightness  of  a  light  source  is  called 
its  luminous  intensity.  The  luminous  intensity  of  a  body  is 
measured  in  terms  of  the  light  intensity  in  a  horizontal  direction 
given  by  a  standard  candle,  and  is  called  candlepower.  Candle- 
power  is  denoted  by  /.^  That  is,  if  a  Ught  source,  such  as  an 
incandescent  lamp,  were  replaced  by  14  standard  candles  without 
altering  either  the  total  light  emitted  or  its  distribution,  the  in- 
candescent lamp  would  have  a  luminous  intensity  in  a  horizon- 
tal direction  of  14  candlepower. 

Candles  of  standard  dimensions,  burning  under  standard 
conditions,  have  in  the  past  been  used  as  standards  of  luminous 
intensity.  Owing  to  the  difficulty  of  reproducing  such  a  stan- 
dard with  a  sufficiently  high  degree  of  precision  and  owing  to 
the  variation  of  its  luminous  intensity  with  atmospheric  condi- 
tions, etc.,  the  candle  has  not  proved  an  acceptable  standard, 
particularly  at  the  present  time  when  a  high  degree  of  precision 
in  light  measurements  is  necessary. 

No  perfectly  satisfactory  standard  of  luminous  intensity  has 
as  yet  been  devised.  At  present  the  Bureau  of  Standards 
maintains  incandescent  lamps  which  constitute  a  standard  of 
luminous  intensity  at  some  known  voltage.     These  lamps  are 

1  Photometry  symbols  will  be  found  often  to  duplicate  electrical  symbols. 
For  example,  /  =  candlepower  and  in  electrical  units  /  =  current.  Photo- 
metric and  electric  units  are  not  of  the  same  character. 
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constant  for  a  considerable  time  if  used  only  occasionally. 
By  means  of  these  lamps,  secondary  incandescent  lamp  standards 
may  be  calibrated  and  used. 

180.  Unit  Solid  Angle  or  Steradian. — In  order  to  understand 
the  fundamentals  of  light  emission  and  distribution,  it  is  neces- 
sary to  know  what  is  meant  by  solid  angle.  A  unit  solid  angle  is 
the  angle  at  the  center  avbtended  by  a  unit  area  on  the  surface  of  a 
sphere  which  has  a  unit  radius. 

Figure  376  shows  a,  sphere  whose  radius 

is  1  ft.     An  area  of  1  sq.  ft.  on  its  aiu^ace 

subtends    a    conical    solid    angle    at    the 

center.     This  angle  is  a  unit  solid  angle, 

'•■*■  sometimes  called  the  steradian. 

As  the  area  of  the  surface  of  a  sphere  is 

equal  to  4ht*,  there  must  be  4t  units  of 

Fio.  376.— Unit  solid   solid  angle  about  the  center  of  a  sphere. 

"'*^"'  This  may  be  seen  by  letting  r  =  1. 

If  any  area  on  the  surface  of  a  sphere  be  divided  by  the 

square  of  the  radius,  the  result  is  the  solid  angle  that  this  area 

subtends  at  the  center. 

Exampie. — A  certain  sphere  is  3  ft.  in  diameter.     How  many  unit  Bolid 
angles  does  an  area  of  3  sq.  ft.  on  its  surface  subtend  at  its  center. 
The  number  of  unit  solid  anglee 

=  ,.  -,,  =  1.33  ateradiana.    Am. 

181.  Luminous  Flux: 
Lumen. — Light  may  be 
considered  as  a  Sux  which 
emanates  from  a  luminous 
source  in  the  same  way 
that  magnetic  Sux  ema- 
nates from  a  magnetic  pole. 

The  amount   of  illumina-    ^^     „--     „     i  .u       -^  .,■  i.^ « 

Fto.  377, — One  lumen,  Uie  unit  of  light  flux, 
tion  emitted  by  a  lununous 

source  may  be  considered  as  being  the  total  light  flux  emanating 
from  that  source. 

Figure  377  shows  a  candle  placed  at  the  center  of  a  sphere 
whose  radius  is  1  ft.  Assume  that  this  candle  emits  Ught  uni- 
formly in  all  directions,  the  intensity  being  equal  to  that  in 
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the  horizontal  plane  or  one  candlepower.  (A  candle  of  this 
type  is  never  met  with  in  practice  but  is  given  here  merely  for 
purposes  of  illustration.  The  ordinary  standard  candle  emits  an 
intensity  of  one  candlepower  in  the  horizontal  plane  only,  the 
intensity  in  other  directions  being  much  less  than  one  candle- 
power.)  Let  5  be  a  unit  sohd  angle  at  the  center  subtended 
by  an  area  of  1  sq.  ft.  on  the  surface  of  the  sphere.  A  certain 
amount  of  Ught  jQiux  will  be  confined  by  this  unit  solid  angle  and 
as  light  flux  is  emitted  radially  in  straight  lines,  no  flux  enters  or 
leaves  the  solid  angle  through  its  sides. 

The  light  confined  by  this  unit  soUd  angle  and  coming  from 
such  a  standard  candle  is  the  unit  of  Ught  flux  and  is  called  the 
lumen.     The  number  of  lumens  is  denoted  by  F. 

As  there  are  4t  units  of  soUd  angle  at  the  center  of  a  sphere,  it 
is  evident  that  each  standard  candle  would  emit  4^  lumens  if  its 
light  intensity  were  the  same  in  every  direction  and  equal  to  the 
horizontal  intensity.  The  difference  between  candlepower  and 
luminous  flux  should  be  clearly  understood.  The  candlepower 
is  intensity  of  Ught  emission  and  may  vary  in  different  directions. 
On  the  other  hand,  luminous  flux  represents  the  total  Ught  emitted 
in  any  given  region. 

In  the  past,  incandescent  lamps  have  been  rated  on  their 
mean  horizontal  candlepower,  because  in  the  carbon  lamps,  which 
were  then  the  only  type  in  general  use,  the  shape  of  the  filament 
and  its  distribution  in  the  bulb  were  practicaUy  the  same  in 
all  lamps.  Therefore,  all  lamps  had  light  distribution  curves 
of  the  same  general  form.  That  is,  the  ratio  of  mean  spherical 
candlepower  to  mean  horizontal  candlepower  was  practically 
constant  in  the  lamps  then  in  use. 

With  the  advent  of  new  types  of  lamps,  the  disposition  of  the 
filaments  became  quite  different  in  the  various  lamps  and  the 
mean  horizontal  candlepower  was  no  longer  a  measure  of  the 
total  Ught  output  of  a  lamp.  The  feeling  at  the  present  time 
is  that  a  lamp  should  be  rated  according  to  the  total  Ught  flux 
which  it  emits,  or  in  other  words,  a  lamp  should  be  rated  in 
lumens  and  not  in  mean  horizontal  candlepower. 

The  mean  spherical  candlepower,  which  is  the  average  of  the 
candlepower  emitted  in  aU  directions,  is  also  a  measure  of  the 
total  light  flux  emitted  by  a  luminous  source. 
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182.  nhimiaatioiL. — ClTimir^Adon  is  rhe  izncmir  of  lishr  9ax 

or  :he  li^ixiii^r  -f  Iiuueci  failing  Gn  a  iniT  area.  This  •?or- 
reepoxids  to  f  ux  ieiiTjin"  in  ziasnetian.  It  ttHI  be  remeniber^ 
that  flux  deuL>ity  i^  -iennei  a*  the  nmnr^  of  mnoedc  Imes 
passing  noruuiliy  through  a  init  ar^a.  See  VoL  L  Pace  7. 
Par.  13.)  The  mir  of  iUumiiiation  is  the  foat-<and[e  and 
correeponds  to  one  Jimen  per  square  foot,  the  square  foot  being 
taken  normal  to  the  'iirei'tion  of  the  light  ftux.     It  is  'ienoted  by 

F 

the  svmbol  £,  where  £"  =  -r-     J.  is  the  area  of  the  surface  taken 

A 

normal  to  the  ^iirection  of  the  light  Stix.  For  example,  in  Fig. 
377,  one  limien  is  includefi  by  the  solid  an^e  B.  If  the  sphere 
be  thought  of  as  hollow  and  having  a  radius  of  I  ft.,  a  square 
foot  on  its  surface  intercepts  one  lumen  and  the  light  flux  is 
perpendicular  to  the  surface  at  every  point.  Therefore,  as  the 
illumination  is  assumed  to  be  equal  in  all  directions*  the  Qlunu-* 
nation  at  ever>'  point  on  the  inside  wall  of  this  sphere  is  one 
foot-candle.  Such  uniform  distribution  of  Tight  seldom  occurs  in 
practice. 

A  sphere  having  a  radius  of  2  ft.  has  four  times  a$  great  a 
surface  area  as  a  s^Jiere  having  a  radius  of  1  ft.  With  a  fixed 
luminous  source  at  the  center,  both  spheres  intercept  the  same 
total  light  flux.  The  light  inteiviity  at  the  surface  erf  the  2-ft» 
sphere  is  one-fourth  the  light  intensity  at  the  surface  of  the  1-ft. 
sphere.  Thereforej  to  obtain  the  illumination  in  foot-candles,  on  a 
Hurface  which  is  normal  to  the  direction  of  the  light  flux,  divide  the 
candlepower  of  the  hght  source  by  the  square  of  the  distance  in 
feet  from  the  light  source  to  the  surface  illuminated. 
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Example. — ^A  light  has  an  intensity  of  25  candlepower  downward  in  a 
vertical  direction.  What  is  the  illumination  in  foot-candles  on  a  hori- 
zontal table  4  ft.  below  this  light. 


E  = 


7-7T-0  =  TB  =  1-56  foot-candles.    Ans, 


183.  Law  of  Inverse  Squares. — Figure  378  shows  that  portion 
of  the  light  emitted  by  a  certain  source  which  is  included  within 
a  given  solid  angle.  Let  Ai  be  a  perfectly  transparent  surface 
at  a  distance  Di  from  the  source.  Let  A  2  be  a  similar  surface  at 
a  distance  D2  from  the  source.  By  geometry,  the  areas  Aj  and 
A  2  are  proportional  to  the  squares  of  their  distances  from  the 
apex  of  the  cone  or  pyramid.     That  is 


2 


D2^ 


lAght 
BourcQ 

Fig.  378. — Variation  of  light  intensity  with  distance  from  source. 

• 

The  light  flux  passing  through  Ai  is  equal  to  the  light  flux 
passing  through  A  2,  as  none  of  the  light  flux  passes  out  through 
the  sides  of  the  soUd  angle.  If  the  light  flux  passing  through  Ai 
and  A  2  is  the  same,  then  the  density  of  the  light  flux  or  the 
lumens  per  square  foot  must  be  inversely  as  the  areas.  Therefore, 
the  intensity  of  illumination  from  a  point  source  varies  inversely 
as  the  square  of  the  distance  from  the  source. 

Let  El  be  the  illumination  on  surface  Ai  and  E2  the  illumina- 
tion on  surface  A 2.     Then 

El  _D^ 

E2  "  Di^ 

The  above  law  of  inverse  squares  is  strictly  true  only  when 
the  light  source  is  a  point.  It  is  impossible  to  obtain  a  point 
source  in  practice.  With  the  usual  light  sources,  no  great  error 
is  introduced  in  assuming  a  point  source,  unless  the  illuminated 

27 
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areas  under  consideration  are  very  close  to  the  source.  With 
mercury  tube  lamps,  Moore  tubes,  and  lamps  having  certain 
types  of  reflectors,  the  law  of  inverse  squares  must  be  applied 
with  great  caution. 

Example. — A  drawing  board  directly  under  an  incandescent  lamp  and 
4  ft.  distant  has  an  average  illumination  of  three  foot-candles.  What  is 
the  illumination  on  the  drawing  board  when  the  lamp  is  raised  2  ft.? 

Ei  ^Ei      (4)^  ^  16 

El       3   "(6)»      36 

J5j  =  ^5   =  1.333  foot-candles.    Ans. 

184.  Absorption;  Brightness.— When  Ught  falls  on  a  surface 
or  object,  a  certain  amount  of  the  Ught  is  either  absorbed  or 
transmitted  and  the  rest  is  reflected.  No  substance  reflects  all 
the  Ught  that  it  receives,  although  highly  poUshed  surfaces  reflect 
a  very  large  proportion,  as  is  shown  in  the  table  which  follows. 
A  white  surface  reflects  a  high  percentage  of  the  Ught  falUng  on 
it  and  reflects  aU  colors  equaUy  well.  A  pure  black  surface 
should  reflect  no  Ught  at  aU,  but  practically  all  black  surfaces 
reflect  a  certain  amount  of  Ught.  When  iUuminated  with  white 
Ught,  the  color  of  an  object  as  seen  by  reflected  Ught  is  deter- 
mined by  its  abiUty  to  absorb,  transmit  and  reflect  the  various 
colors  of  the  spectrum.  For  exaemple,  a  green  object  as  seen  by 
reflected  light  has  the  property  of  reflecting  green  and  of  ab- 
sorbing or  transmitting  practically  aU  other  colors.  Hence  the 
object  appears  green  by  reflected  light. 

The  color  of  an  object  as  seen  by  transmitted  Ught  is  frequently 
different  from  its  color  as  seen  by  reflected  Ught.  For  example, 
the  color  of  thin  gold  leaf  as  seen  by  reflected  Ught  is  yellow, 
whereas  its  color  as  seen  by  transmitted  Ught  is  greenish. 

The  unit  of  brightness  in  the  metric  system  is  the  lambert, 
which  is  one  lumen  per  square  centimeter.  Brightness  may  also 
be  measured  in  candles  per  square  inch.  These  units  are  used 
when  the  brightness  of  a  luminous  source,  such  as  an  incan- 
descent filament,  is  under  consideration. 

The  brightness  of  a  surface  is  the  number  of  lumens  per  unit 
area  which  the  surface  emits  in  the  direction  of  the  normal. 
Let  it  be  expressed  by  E\  E'  is  always  less  than  the  illmnination 
E,  as  the  surface  absorbs  some  Ught.    The  ratio  E'/E  is  called 
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the  coefficient  of  reflection  It  is  the  ratio  of  the  light  emitted 
to  the  light  received  and  is  awaye  leas  than  unity.  Below  are 
given  the  coefficients  of  reflection  for  various  well-known  surfaces. 

COEFPICIBMT     or     RB«.HOnOH' 

Pebcbitt. 

New  aluminum  bronae  (unprotected) 64 

Polished  brass 60 

Baked  white  enamel  (paint) 72 

Matt  Burface,  porcelain  enamel 79 

Silvered  mirror 83 

White  matt  surface  paper  (smooth) 57 

Light  buff  surface  paper  (smooth) 45 

Embossed  gilt  paper 43 

Light-blue  paper 12 

186.  Light  Distribution.—- Light,  from  sources  such  as  incandes- 
cent lamps,  arc  lamps,  etc.,  varies  in  intensity  in  different  direc- 

135'  160°      185°    ISO"   1W°      160°         135° 


IS-eandlepower,    corbon- 


tions.  The  distribution  depends  not  only  on  the  light  source 
itself  but  also  on  the  reflectors,  refractors  and  fixtures  which 
are  used  with  the  source.  In  most  light  sources  the  light  giving 
element  is  so  designed  that  the  horizontal  intensity  is  nearly  the 
same  in  all  directions.  This  is  particularly  true  of  incandescent 
lamps  and  of  arc  lamps. 

*  "Standard  Handbook,"  Section  14. 
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•v:.*.      rh»r    !:.:r:i.:»i:y    ,;    -ne   izht    .:i    ^     '^mcaiiy     iownward 

'L'ricN.-  .ii>tri'::u:;oii  :irve&  jxe  pamcuiarrr  "laemi  in  'ietermin- 
:.^  '.'iv  -u:::tb Lilly  .i  -j.  .ajiip  :or  iirr  pamraiar  pnrpoee.  Tie 
iii>-.:ir»u-.k':i  riiav  be  :iLo<iirie<i  :v  -hades.  r«?iieerors.  -?rc.  See 
I- 1^.  KKJ.  pag«/  444.  Ai  "^'lil  "Te  -aown  .arer.  "he  area  «:*!  'hese 
ai^-. ribu:ion  ■.•arve<  i^f  :ioc  pn jTOraonai  ^o  "he  ~otai  imt  ±ix 
cMiirtfJ  by  the  lamp. 

186.  Light  Sources;  Incaudeacence :  T^nrnm^mfmrnfm — TAsirint. 
is  oiiiirto'.i  by  >our«;e<  inuer  :wo  coaditiona.  jicandescence  and 
iuiiiinosconce.  InoanderHjence  i5  pnxiuced  by  heating  a  ?nb- 
s:a:ioo  to  a  high  temperiicure.  a:*  in  ^he  incandescent  Lamp,  rfae 
.*a:bc>ii  are.  and  the  WeL*bach  svta  mantle.  The  amount  of  lieht 
(.-niitted  by  a  sub^^taiiL-e  inereaaes  very  rapidl with  its  rempera- 
auiie.  In  fact,  the  light  emitted  increases  is  -he  fourth  power  of 
its  absolute  temperature.  Hence,  a  -small  increase  in  rhe  tem- 
perature of  an  illuminant  results  in  a  ^ery  large  increase  in  rhe 
lig[it  which  it  emits.  The  H^t  becomes  more  nearly  white  as 
rhe  teni{.K'rature  rises.  This  principle  should  be  kept  in  mind 
because  it  is  the  reason  for  the  different  efficiencies  which  are 
obtained  with  different  types  of  lampe. 

Li^ht  emitted  by  incandescent  bodies  is  accompanied  by  high 
rmiperature  and  a  corresponding  dissipation  or  '.^onaderabie 
riier^y  as  heat.  On  the  other  hand,  a  luminescent  substance 
may  ^ive  out  light  at  moderate  temperatures.  Examples  of 
luminescent  light  sources  are  the  vacuum  tube,  the  mercury  arc, 
t  lie  flaming  and  luminous  arcs,  all  of  which  will  be  «iiscuaeed  later. 
The  firefly  is  an  excellent  example  of  a  luminescent  source. 

187.  Carbon-filament  Lamp. — The  requirements  of  an  incan- 
descent filament  are  that  it  shall  be  highly  refractory,  that  is, 
the  fihiment  shall  be  able  to  withstand  high  temperatures  without 
rapid  deterioration,  and  the  filament  shall  be  mechanically  strong 
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at  these  high  temperatures.  Also,  the  electrical  resistivity  of  the 
filament  material  should  be  so  high  that  the  length  of  the  filament 
for  a  given  resistance  shall  not  be  excessive.  For  many  years 
the  carbon  filament  was  the  only  one  that  proved  satisfactory. 
It  consists  of  a  filament  of  carbonized  cellulose,  bent  into  horse- 
shoe form  and  operated  in  a  vacumn.  A  later  development  was 
the  "G.E.M."  lamp  in  which  the  carbon  is  "metallized,"  that 
is,  it  is  flashed  in  a  gas  rich  in  hydrocarbons.  This  gives  the 
carbon  filament  a  metallic  appearance  and  a  positive  tempera- 
ture coefficient  such  as  metals  have,  and  permits  the  filament  to 
operate  at  a  higher  temperature. 

The  purpose  of  a  vacuum  in  a  lamp  is  two-fold.  A  vacuum 
prevents  chemical  action  on  the  filament  and  is  an  excellent  heat 
insulator. 

The  treated  carbon-filament  lamp  has  an  efficiency  of  about 
3.0  watts  per  mean  horizontal  candlepower  and  the  metaUized 
filament  an  efficiency  of  about  2.5  watts  per  mean  horizontal 
candlepower. 

The  objection  to  the  carbon-filament  lamp  is  its  low  efficiency. 
Remembering  that  the  amount  of  Hght  emitted  by  an  incandescent 
source  increases  as  the  fourth  power  of  its  absolute  temperature, 
carbon-filament  lamps  can  be  made  to  have  very  high  efficiency  by 
operating  them  at  high  temperatures.  However,  this  increased 
efficiency  is  accompanied  by  rapid  evaporation  of  the  filament, 
resulting  in  a  very  short  life.  Carbon-filament  lamps  are  there- 
fore operated  at  such  a  temperature  that  their  life  is  from  700  to 
1,000  hours.  Their  candlepower  may  become  so  reduced  after 
long  use  that  it  is  more  economical  to  discard  the  lamps  than 
to  continue  their  use  at  this  low  candlepower. 

188.  The  Tantalum  Lamp. — The  metal  tantalum  was  next 
used  as  a  lamp  filament.  Because  of  the  high  temperature  at 
which  tantalum  can  safely  operate,  tantalum  lamps  are  able  to 
develop  an  efficiency  of  2.0  watts  per  mean  horizontal  candle- 
power  and  at  the  same  time  have  an  average  life  of  about  600 
hours.  One  pecuHarity  of  the  lamp  is  that  when  alternating 
current  is  used  the  filament  disintegrates  rapidly.  Owing  to  the 
high  efficiency  reached  by  the  tungsten  lamp,  the  tantalum  lamp 
has  been  absolutely  superseded. 

189.  The  Tungsten  T3rpe-A  and  Tjpe-B  Mazda  Lamps.— 
Tungsten  is  a  metal  of  high  resistivity  and  is  capable  of  with- 
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Hrundinic  "f^ry  hicdi  "'emperamrpa.     It  la  tiiCTrforg  wril  ada|itwAfar 

it«:  iH  ~ne  rilument  in  incandeaeent  lamoB.  In  tlieeazl;'  daya^  it 
viui  iior  poHrtibie  'o  'iraw  it  'hroiu^  a  die  aa  ordmary  wire  is 
iniwn.  Powfierpfi  ningaten  waa  mixed  witii  an  orgazne  famdert 
•'.uni  in  •f-iluiorie.  md  rorred  rfaromeh  a  die.  The  bizider  was 
Mien  -irivm  '>iit  !>y  iieatinic.  ieavinic  a  porous  and  pitted  tmisBten 
niamttnr  whicn  -iraa  rery  fragile.  Thia  Type  of  frT^TTM^rr^  ^^as 
iH<-ti  in  "^he  Mazda-A  lamp.  In  L9I1,  the  process  of  drawing 
nuntfjiten  :vire  wad  perfected,  -w  rliat  the  present-day  filaments 
ire  nie^e<i.  Lamps  using  this  ihrawn  filament  in  a  vacnozn  are 
caileil  Maz<la-B  lamps. 

^1 " 


JXL       M 


M       M      JM 


jW      y>4      Jg 
Fig.  380. — Current  variation  in  tixiu^ten  lamp  wfam  switched  in  ciimiiL 

Type-B  tungsten  lamps  have  an  efficiency  of  about  1.2  watts 
per  mean  horizontal  candlepower.  In  the  large  sizes,  150  watts 
and  above,  the  efficiency  may  be  as  high  as  0.90  watt  per  mean 
horizontal  candlepower.  The  reason  for  this  high  efficiency  is 
the  very  high  temperature  (about  3,000**C.)  at  which  it  is  po6»- 
blf;  to  operate  the  tungsten  without  too  rapid  deterioration.  The 
life  of  tungsten  lamps  is  longer  than  that  of  most  other  lamps,  the 
guaranteed  life  being  about  1,000  hours. 

Tungsten  has  a  positive  temperature  coefficient  so  that  its 
rcjsistanee  at  operating  temperatures  is  several  times  that  when 
cold.  This  results  in  a  high  initial  current  when  the  lamp  is 
first  switched  in  circuit.  This  is  called  " overshooting."  The 
Halation  of  the  current  to  time  is  shown  in  Fig.  380.  Fuses  in 
tungsten-lamp  circuits  have  been  known  to  blow  as  a  result  of  this 
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first  rush  of  current,  although  the  fuses  were  of  ample  capacity  to 
take  care  of  the  steady  operating  current  of  the  lamp. 

190.  Gas-filled  Lamps;  Type  C— Remembering  that  the 
light  emitted  by  an  incandescent  body  increases  as  the  fourth 
power  of  its  absolute  temperature,  it  is  obvious  that  there  is  still 
opportunity  for  increasing  the  efficiency  of  tungsten  lamps  if 
the  temperature  of  the  filament  can  be  safely  increased.  The 
factor  which  limits  the  operating  temperature  of  the  Type-A 
and  Type-B  filaments  is  the  volatilization  or  evaporation  of 
the  filament  itself.  This  volatihzation  has  two  effects.  The 
evaporation  removes  useful  material  from  the  filament,  resulting 
in  a  reduction  of  efficiency  and  in  an  ultimate  burning  out  of  the 
lamp.  The  tungsten  vapor  condenses  on  the  bulb,  blackening 
it  and  so  cutting  down  the  useful  light  by  absorption.  This  laat 
factor  has  in  part  been  remedied  by  injecting  a  chemical  into  the 
bulb  which  tends  to  keep  the  tungsten  deposit  semi-transparent. 

The  gas-filled  or  Type-C  Mazda  lamp  is  based  on  the  principle 
of  vapor  pressure.  The  higher  the  pressure,  the  higher  the 
temperature  at  which  water  and  other  substances  evaporate. 
Water  will  boil  at  a  very  low  temperature  in  a  rarefied  atmos- 
phere, whereas  under  pressures  greater  than  atmospheric  its 
boiUng  temperature  may  become  quite  high.  The  same  rule 
applies  to  tungsten.     In  a  vacuum,  __ 

the  tungsten  evaporates  quite  read- 
ily, which  results  in  a  more  rapid 
deterioration  of  the  filament.  In 
the  Mazda-C  lamps,  the  bulb  is 
filled  with  an  inert  gas  such  as  nitro- 
gen. This  gas  does  not  enter  into 
chemical  reactions  with  the  filament 
and  yet  it  causes  sufficient  pressure 
to  increase  materially  the  evapor- 
ation temperature  of  the  filament. 
Due  to  the  higher  temperature  of 
evaporation,  the  filament  may  be  operated  at  a  higher  tempera- 
ture without  rapid  deterioration.  This  gives  not  only  increased 
efficiency  but  also  a  whiter  light,  more  nearly  resembUng  sunlight. 

This  inert  gas  serves  another  purpose.  It  will  be  noted  from 
Fig,  381  that  this  type  of  lamp  has  a  long  narrow  neck.     The 
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gas  coming  in  contact  with  the  filament  becomes  heated  and 
rises.  If  the  lamp  is  in  an  inverted  position,  as  it  should  be  in 
commercial  use,  (Fig.  381),  this  heated  gas  passes  up  into  the 
neck.  It  carries  with  it  the  tungsten  vapor,  which  is  thus  depo- 
sited in  the  neck  of  the  lamp  where  it  cuts  ofif  no  appreciable 
amount  of  light. 

This  gas  sweeping  through  the  filament  has  one  very  unde- 
sirable effect  which  is  not  present  in  a  vacuum  lamp.  The  gas 
carries  heat  away  from  the  filament  very  rapidly  by  convection. 
This  cooling  of  the  filament  tends  to  decrease  the  lamp  efli- 
ciency.  To  minimize  this  effect,  the  filament,  instead  of  being  a 
straight  wire,  criss-crossed  back  and  forth  on  supports  as  it  is  in 
the  Mazda-B  lamp,  is  wound  in  the  form  of  a  very  fine  helix 
with  the  turns  very  close  together,  as  shown  in  Fig.  381(6).  This 
keeps  the  filament  in  very  compact  form  and  so  reduces  the 
convection  losses. 

Below  is  given  a  table  of  efficiencies  for  gas-filled  lamps.  It 
will  be  noted  that  the  larger  sizes  have  the  higher  efficiencies, 
due  to  their  having  larger  filaments  and  hence  less  proportionate 
convection  losses. 

Rating — Gas-filled  Multiple  Lamps 


Watts 

M.H.CP. 

Wattb  peh 
M.H.CP. 

Lnmiro 
PXB  Watt 

75 

88 

0.85 

11.5 

100 

120 

0.83 

12.6 

200 

267 

0.75 

14.0 

500 

714 

0.70 

16.1 

750 

1, 

,154 

0.65 

17.1 

1,000 

1; 

,667 

0.60 

18.0 

By  using  a  bulb  having  a  blue  tint,  the  gas-filled  lamp  gives 
a  light  closely  resembling  daylight. 

191.  Effect  of  Voltage  Variation  on  Incandescent  Lamps. — 
As  the  voltage  on  commercial  Ughting  systems  will  vary  more 
or  less  from  time  to  time,  it  is  important  to  understand  the  effect 
of  this  voltage  variation  on  the  operation  of  incandescent  lamps. 
An  increased  voltage  results  in  a  higher  operating  temperatiu"e  of 
the  filament  and  hence  a  higher  efficiency.  This  is  accompanied 
however  by  a  decreased  life  of  the  lamp. 
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With  an  untreated  carbon  filament  the  effect  of  increasing 

the  voltage  is  to  decrease  the  resistance,  as  carbon  has  a  nega- 
tive temperature  coefficient.  Because  of  the  decreased  resist- 
ance of  the  filament,  the  current  increases  more  rapidly  than  the 
voltage.  Hence  the  power  taken  by  the  filament  increases  even 
more  rapidly  than  the  voltage  squared.  This  makes  the  carbon 
lamp  more  sensitive  to  voltage  changes  than  it  otherwise  would 
be.  On  the  other  hand,  the  metallized  carbon  filament  and  the 
tantalum  and  tungsten  filaments  all  have  positive  temperature 
coefficients.  An  increased  voltage  is  accompanied  by  increased 
resistance  which  tends  to  prevent  the  lamp  taking  more  power. 
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Fia.  382.— Effec 


Per  Cent  lUted  Voitase 

/oltage   change  on   caDdlepOwei"   a 


Therefore,  these  last  three  types  of  lamps  are  less  sensitive  to 
voltage  changes  than  is  the  carbon  lamp.  Figure  382  shows 
the  variation  of  candlepower  and  efficiency  with  per  cent,  of 
normal  voltage  for  carbon  and  for  tungsten  lamps. 

192.  Arc  Lamps. — The  arc  lamp  was  the  first  successful 
electric  lighting  unit.  Its  principle  is  the  heating  of  the  tips  of 
carbons,  or  other  electrodes,  to  incandescence  by  means  of  an 
electric  current.  This  is  illustrated  by  Fig.  383.  Two  carbon 
rods  are  connected  in  series  across  the  lighting  mains,  a  resistance 
R  being  in  series  with  the  rods.  If  the  carbon  tips  are  first 
touched  together,  the  heat  developed  at  the  point  of  contact 
produces  a  hot  vapor  which  immediately  becomes  conducting. 
If  the  carbons  now  be  drawn  apart,  more  vapor  will  form  and  this 
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hot  vapor  becomes  a  conductor  of  electric  current.  A  large 
amount  of  heat  energy  is  developed  in  a  very  small  space,  result- 
ing in  a  very  high  temperature.  This  heats  the  carbon  tips  to 
incandescence  and  results  in  their  emitting  a  very  white  light. 
Because  of  its  very  high  temperature,  the  arc  is  a  very  efficient 
illuminant. 

The  resistance  of  the  arc  itself  varies  nearly  inversely  as  ita 
cross-section.  If  the  carbons  were  connected  directly  across  the 
line,  a  slight  increase  of  current  would  result  in  a  greater  cross- 
section  of  arc  which  would  reduce  its  resistance.  The  arc  would 
then  take  more  current  resulting  in  a  still  less  resistance,  etc. 


Fio.  383.— Dii 


and  caodlepowet  diHtributioii  curve. 


which  would  ultimately  produce  such  an  extremely  low  value  of 
resistance  as  to  be  practically  a  short-circuit.  To  prevent  this 
instability  in  multiple  lamps,  a  series  resistance  R,  CEilled  the 
ballaat,  is  necessary.  The  power  loss  in  the  ballast,  reduces  the 
over-all  efficiency  of  the  lamp.  In  a  110-volt  lamp,  the  drop 
across  the  ballast  is  about  50  volts. 

Figure  383  shows  the  early  type  of  open,  directrcurrent  arc. 
A  crater,  formed  in  the  positive  carbon,  becomes  filled  with 
molten  carbon.  This  electrode  is  at  a  higher  temperature  than 
the  negative  one.  Most  of  the  light  comes,  not  from  the  arc 
itself,  but  from  this  hot  incandescent  positive  crater,  so  that 
the  upper  carbon  should  always  be  the  positive  one.  Figure 
383  indicates  the  light-4istributioo  curve  of  this  type  of  lamp. 
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It  will  be  noted  that  most  of  the  Ught  is  thrown  downward.  The 
positive  carbon  is  consumed  more  rapidly  than  the  negative  and 
so  requires  more  frequent  renewals. 

If  alternating  current  be  substituted  for  direct  current,  it  will 
be  found  that  both  carbons  consume  equally  and  have  the  same 
shape  of  crater,  as  is  indicated  in  Fig.  384.  Hence,  as  much 
light  is  directed  upward  as  downward,  as  shown  by  the  light- 
distribution  curve.  Such  a  light  needs,  therefore,  a  reflector  to 
intercept  this  upwardly  directed  light  and  reflect  it  downwards 
where  it  can  be  effectively  used.  The  alternating-current 
multiple  arc  has  one  advantage  over  the  direct-current  arc  in 


A.C.  Supply 
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'  Inductive  Ballast 

Fig.  384. — Alternating-current   arc   and   candlepower   distribution   curve. 

that  it  has  an  inductive  ballast  which  consmnes  no  appreciable 
power,  although  it  does  lower  the  power-factor. 

193.  The  Enclosed  Arc. — The  next  improvement  in  arc 
lighting  was  to  enclose  the  arc  in  a  small  opalescent  globe. 
This  enclosing  globe  prevents  free  access  of  the  oxygen  of  the  air 
to  the  arc  and  so  reduces  the  carbon  consumption  and  therefore 
the  niunber  of  trims.  The  opalescent  globe  cuts  off  consider- 
able light  and  so  reduces  the  lamp  efficiency,  but  the  total  cost 
of  illumination  is  reduced  because  of  the  lesser  labor  charge  inci- 
dent to  trimming.  The  enclosed  arc  will  bum  100  hours  per 
trim  where  the  open  arc  burns  but  8  hours.  The  enclosed  arc  is 
also  steadier  than  the  open  arc,  gives  a  more  diffused  light  and  so 
reduces  the  objectionable  glare  of  the  open  arc. 
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The  open  arc,  especially  the  direct-current  type,  is  used  exten- 
8i%'cly  for  projection  purposes,  as  iot  stereopticans,  moving" 
picture  machines,  search  lights,  etc.  The  high  intensity  of  the 
arc,  comt)ined  with  its  being  concentrated,  makes  it  very  desir- 
able for  these  purposes.  The  foregoing  types  of  arc  lamps 
are  practically  obsolete  as  far  as  general  illumination  is  con- 
cerned, although  they  arc  used  for  street  lighting  in  iaolated 
instances. 

194.  Arc  Regulation. — Arc  lamps  must  be  automatically 
regulated  tioth  in  starting  and  in  operation.  In  starting,  the 
carbons  must  be  in  contact  and  then  be  drawn  apart  as  the  arc 
is  formed.  The  carbons  must  also  be  fed  together  as  they  are 
consumed. 

Arc  lamps  are  divided  into  two 
general  classes,  the  series  lamp  and 
the  parallel  or  multiple  lamp. 

In  the  series  lamp,  the  current  is 
maintained  constant  by  the  generat- 
ing apparatus  and  this  type  of  lamp 
requires  no  ballast.  As  the  current  in 
the  series  lamp  is  maintained  constant 
under  all  conditions,  the  arc  regulation 
18  accomplished  primarily  by  main- 
taining the  proper  voltage  across  the 
arc.  The  general  scheme  is  shown  in 
Fig.  385.  The  coil  iSi  is  a  series  coil 
of  low  resistance  connected  in  series 
with  the  arc  and  S^  is  a  shunt  coil  of 
high  resistance  connected  across  the 
arc.  Si  and  iSj  operate  differentially 
on  the  lever  L  which  actuates  the 
clutch.  Si  tends  to  lift  the  clutch 
and  pull  the  carbons  apart  and  St 
"'"'^'  tends  to  lower  the  clutch  and  allow  the 

carbons  to  come  together.  Should  the  arc  become  too  long,  the 
voltage  across  it  rises  and  strengthens  the  shunt  solenoid  St. 
This  tends  to  feed  down  the  upper  carbon. 

A  cut-out  switch  is  necessary  to  keep  the  circuit  closed  should 
tb^  lamp  become  open-circuited.    When  this  occurs  a  high 


Cut-gatflvluli 


— Merhanism  and 
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voltage  will  exist  across  Si  and  will  cause  it  to  pull  up  its  end  of 
the  lever  and  so  close  the  cut-out  switch.  The  circuit  is  then 
closed  through  the  resistance  R.  Upon  starting,  the  cutnaut 
switch  is  normally  closed.  More  current  passes  through  the  low 
resistance  path  formed  by  Si  and  the  carbons  than  through  R. 
Hence  Si  immediately  pulls  the  carbons  apart.  This  action  ceases 
when  the  voltage  across  Sa  becomes  sufficient  to  counteract  the 
effect  of  Si.  The  feeding  mechanism  is 
connected  to  a  dashpot  which  prevents 
any  sudden  movement  of  the  plungers. 

The  mechanism  of  the  multiple  lamp. 
Fig.  386,  is  very  simple.  The  current 
passes  through  the  ballast  in  which 
about  30  to  50  per  cent,  of  the  power 
is  lost.  The  current  then  passes  through 
two  solenoids  connected  in  series,  each 
of  which  operates  on  one  of  the  legs 
of  a  U-shaped  plunger.  Should  the 
current  become  too  great,  the  plunger 
raises  the  upper  carbon  by  means  of 
the  clutch  and  thereby  increases  the 
resistance  of  the  are.  This  causes  the 
current  to  decrease  to  its  normal  value. 
When  the  power  is  turned  off,  the 
upper  carbon  drops  and  closes  the 
circuit  so  that  the  lamp  is  ready  for 
operation.  Fio.386.— MechaniBmaDd 

196.  Flame     Arcs.— Approximately    ^^^'^""^  "'  multiple  arc 
eighty-five   per    cent,   of  the  light   in 

the  direct-current  open  arc  comes  from  the  incandescent  crater 
in  the  positive  carbon.  In  the  enclosed  arc  the  percentage  ia 
lower  than  this.  In  either  case,  probably  not  more  than  10  to  20 
per  cent,  of  the  light  comes  from  the  arc  flame  itself.  In  flame 
arcs  almost  all  the  light  comes  from  the  flame.  It  is  found  that 
by  impregnating  the  carbons  with  certain  salts,  the  arc  itself 
becomes  luminescent  due  to  the  vaporization  of  these  salts  and 
the  luminescence  they  attain  at  the  high  arc  temperatures. 
The  color  of  the  arc  can  be  readily  controlled  by  the  kind  uf  salt 
used.    For    example,    calcium  salts   produce  a  yellow   color. 


-v-nrjim  -^liiT.A   i  -'^liaLsii  "inr  ind  harium  and  tiraniuzzL  -ialts  a 

rlli;i;".r   v!iir.»  !ivrhr. 

y..'  Mf  * [»"•-. '^iip  ;:rrjdui»r/»  in»  irilizp^i  in  "he air.  rapid  consmnp- 

'.I  r.    ,\  ~.i**  *if< •':•■« IPS  r»»r*uir.^.     Thia  iis  accrennmreil  bv  the  fact 

M:ir    111'    -ir'uiarinn  :rf   net'f»s«ar;'  "o   removp  "he  white  powder 

:♦•;:!  >!*.*•:     '«'  -:ie    ir"  vipor.     La  'he  open  n-pe  of  lamp    this 

■ -Tirii.-i-iin  ineaiiH   x    'onnniioiii?  -nippLv  of  oxr-'zen.  r^sultinjc   in 

.•ipi"!    "J  nsumpi^ii.n    ;i  "he  eiet^rodes.     The  open  -jrpe  of  lamp. 

"ill- '"*:'•. !••'*.    ;'v;uir'^^<   -rr^rj  ionic  eierrrf)de?*  in  onier  ro  i)btain  a 

.-•:L-«.nai:u-  nriniJ:#»r  -jf  biimin»c  iioiir?  per  Tim.     These  eleetrodes 

ire   -!<)  Lome  "hat  it  i:*  aot  pracrit:able  to  plai!e 

^  "  "hem  one  above  "he  orher.  -wi  they  are  both  fed 

J^-=r-3iowont      ^''''^Ti  rVom  abovp  anti  are  pkureii  at  an  angle. 

£i  »««nrt      ,^   -rhown   in   Fijc.   3.S7.     A  small  magnet  M 

-Acw^.   "he    an:    'lown.     T«j  increase  the  con- 

-Metai-      «:ut!ran«*e  of  :he  elei.'tnjdes,  a  metallic  wire  is 

^ ^  'Lsiially  rm  down  'heir  i^enters.     This  type  of 

D«pflnt  lamp  Ls  very  efficient;,  requiring  only  0.43  watt 

^Ciriuiii?  iime  ir"."    ?*^^  mean   spherical  caniilepower.     Lowing  to 

rhe  shtjEt  life  of  rhe  elect n)iies  and  the  con- 
seriiienT  hiich  nr^r  of  r rimming,  it  cannot  be  pn)titably  used 
ir.  "his  coiintirr  f'jr  general  illimiinaTiion  piirp«;)ges.  An  un- 
piea."aanT:  odor  makes  irs  use  undesirable  for  interior  illumination. 
Iri  rhis  ooimrry  izs  ^is^  is  <!oniineii  to  <^utsi<le  display  lighting. 
Bef?aiwe  oi  its  high  efficiencv.  thi?  tvpe  Ls  useil  extensivelv  abroad 
a»«  'he  higher  energy  cr^i^tc  and  the  lower  labor  costs  existing  there 
make  it.-r  n^.e  economif^allv  desirable. 

To  eliminate  the  short-burning  feature  of  the  flame  arc 
lamp  anrl  ako  the  objection  of  the  unpleasant  fumes  which 
accompany  its  iise.  a  long-biiming  type  of  lamp  has  been  devel- 
oped. The  arc  burns  in  a  chamber,  the  air  supply  to  which  is 
restricted.  There  is  a  large  condensing  chamber  just  above  the 
arc  chamber.  The  hot  gases  rise  and  pass  into  this  condensing 
chamber,  where  the  white  powder  is  condensed  and  deposited 
against  the  comparatively  cool  surfaces  of  the  chamber.  The 
gases  are  then  allowed  to  re-enter  the  arc  chamber.  This  re-utili- 
zation of  the  same  air  prevents  the  access  of  a  continuous  supply 
of  oxygen  and  gives  the  lamp  about  100  burning  hours  per  trim. 
Figure  388  shows  the  multiple  lamp,  together  with  the  diagram  of 


ILLUMINATION  AND  PHOTOMETRY 


431 


connections.  The  watts  per  mean  spherical  candlepower  run 
about  0,74.  Comparing  this  figure  with  0.43  watt  per  mean 
spherical  candlepower  already  given  for  the  open  flame  arc,  it  will 
be  seen  that  long  life  is  obtained  at  the  expense  of  efficiency. 
This  type  of  lamp  has  one  decided  advantage  over  the  magnetite 
lamp  in  that  it  can  be  used  with  alternating  current. 


■.  D.  C.  multiple  type. 


lang-burDJug  flame 


196.  The  Metallic  Electrode  or  Magnetite  Lamp. — The  metal- 
lic electrode  arc  lamp  or  luminous  arc  or  magnetite  lamp,  as  it  is 
often  called,  differs  from  other  arc  lamps  in  that  it  employs  metal- 
lic electrodes  and  the  light  is  derived  from  the  arc  itself,  being 
due  to  the  luminescence  of  the  vapor  which  comes  from  the 
cathode  or  negative  electrode.  The  positive  electrode  is  a  large 
cylinder  of  solid  copper.  The  copper  being  an  excellent  conduc- 
tor of  heat  tends  to  keep  moderately  cool.  The  negative  elec- 
trode is  made  of  an  iron  oxide  containing  titanium  to  give  a  white 
light.  Other  ingredients  are  added  to  give  the  electrode  desirable 
burning  characteristics, 

A  diagram  of  the  lamp  is  shown  in  Fig.  389.  The  arc  stream 
consists  of  negatively-charged  luminescent  gas  particles  .which 
originate  at  the  negative  electrode.  The  iron  ■  oxides  and  the 
titanium  of  the  negative  electrode  give  a  white  light.  Being 
negatively  charged,  the  gaa  particles  of  the  arc  stream  are  repelled 
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by  the  necaUTe  eiectrode  and  are  artracted  hy  the  poeitive 
electrode.  Thera^.^re.  the  arr  screanL  moves  from  negatiTe  to 
po^rive.  The  ci^pper  musr  aiway?  be  poatfre.  If  it  beeomn 
necative.  the  an-  will  then  cofLa^  of  luminesceiit  copper-rapor 
and  be  creen  in  irolor.  In  conneeting  a  lamp  in  dimit.  care  mnst 
be  t^en  :o  injure  correct  polarity. 

As  the  electrodes  are  eomparatrrelv  cool  Trnda*  opetatiiig 
ronditiciis.  there  is  not  sufficient  heat  to  maintain  the  arc  if  the 
electric  power  is  interrupted  even  for  an  instant.     Hence*  oot- 


F:%=.  3*^. — Mecfiazisn 
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side  the  questioii  of  the  creenish  arc  reschinc  from  the  copper  op- 
eratiri   as   cathode,  this  type  of  laaip  ^jannot  be   Bsed  with 

The  feed  mechanian  is  sEchtlv  diferect  isi  principle  from 
that  of  other  types  of  ar\:  la.7rp.  Were  the  ordiiary  type  of 
feed  used.  the  hot  r^etal  ci  the  «.ihcde  or  neotiTe  electrode 
would  wrid  to  the  ecpper  and  "freeie"  whe-z.  the  c'jrrent  was 
rjTtied  0^.  Therefore,  the  mechanism  is  sc  deacaed  that  the 
feed  is  ii:ter=:iitter.t.  the  ar?  bein«  maizit-ained  by  re-striking 
WhiB:  the  Lunp  is  out  of  drcuii  its  eJectrt>ies  are  sepaimtied  b^ 
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a  gap.  When  current  flows,  the  starting  magnet,  Fig.  389,  brings 
the  lower  electrode  into  contact  with  the  upper  electrode,  striking 
a  sharp  blow.  This  operation  allows  the  current  to  flow  through 
the  series  magnet,  thereby  opening  the  circuit  of  the  starting 
magnet  at  the  cut-out  contacts,  allowing  the  lower  electrode  to 
fall,  starting  the  arc.  The  lamp  is  then  burning  with  the  lower 
electrode  holder  resting  on  its  stop  and  with  the  series  magnet 
holding  the  cut-out  contacts  open.  As  the  lower  electrode  is 
consumed,  the  voltage  across  the  arc  rises,  the  shunt  magnet 
(which  is  connected  in  series  with  the  starting  magnet  and  start- 
ing resistance  across  the  arc)  lifts  its  armature,  and  closes  the 
cut-out  contacts  when  the  arc  voltage  has  reached  a  predetermin- 
ed value.  The  closing  of  these  contacts  puts  the  starting  magnet 
again  in  circuit,  thereby  causing  the  lower  electrode  to  strike  the 
upper  electrode  a  sharp  blow,  bringing  about  a  shorter  arc  once 
more. 

The  copper  anode,  which  is  comparatively  cool,  is  consumed 
very  slowly  and  needs  to  be  replaced  only  at  long  intervals.  The 
magnetite  electrodes,  however,  need  to  be  replaced  at  frequent 
intervals.  The  4.4-amp.  lamp  will  bum  from  160  to  200  hours 
per  trim.  The  6.6-amp.  lamp  bums  about  125  hours  per  trim. 
Magnetite  lamps  have  a  high  efficiency.  The  4.4-amp.  lamps 
have  an  efficiency  of  approximately  0.70  watt  per  mean  spherical 
candlepower.  The  6.6-amp.  lamps  have  an  efficiency  of  0.46 
watt  per  mean  spherical  candlepower.  The  intense  white  light 
of  this  type  of  lamp  makes  it  very  attractive,  particularly  when 
the  lamp  is  moimted  on  ornamental  poles.  In  addition  to  gen- 
eral street  lighting,  it  is  used  to  a  considerable  extent  for  "white 
way"  and  boulevard  lighting.     (See  Fig.  397,  Page  443.) 

197.  The  Mercury-arc  Lamp;  the  Moore  Tube;  the  Nemst 
Lamp. — The  mercury-arc  lamp  consists  of  a  long  tube  containing 
metallic  mercury.  The  pressure  in  the  tube  is  very  low.  When 
an  arc  is  formed  in  the  tube  the  mercury  is  vaporized  and  gives 
a  greenish-blue  light.  This  light  is  due  almost  wholly  to  the 
luminescence  of  the  mercury  vapor,  the  temperature  of  the  vapor 
being  only  250°  to  300*^0.  The  lamp  owes  its  high  efficiency 
to  the  low  temperature  at  which  it  is  able  to  give  its  light. 
Most  of  the  light  emitted  comes  from  the  blue-violet  end  of  the 
spectrum;  there  being  little  red.    This  absence  of  red  rays  makes 
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people  appear  ghastly  when  viewed  under  this  light,  an  object^ 
ionable  feature  in  its  use.  Red  light  is  tiring  to  the  eye  and 
contributes  little  to  the  visibility  of  objects.  Therefore,  from 
the  physiological  standpoint,  the  mercury-vapor  lamp  is  excellent 
for  drafting  rooms  and  for  other  places  where  fine  detail  is  con- 
cerned. Very  satisfactory  results  are  obtained  if  tungsten  lamps 
are  used  in  conjunction  with  the  mercury-vapor  lamps,  thus 
doing  away  with  the  ghastly  appearance  of  the  workers. 

The  mercury-vapor  lamp  has  an 
efficiency  of  about  0.76  watt  per  mean 
spherical  candlepower.  It  is  funda- 
mentally a  direct-current  lamp,  but 
with  a  compensator  it  can  be  used 
on  alternating-current  circuits.  The 
connections  when  used  with  direct 
current  are  shown  in  Fig.  390. 

A  higher  pressure  mercury-vapor 
lamp  has  been  developed  operating 
at  a  higher  temperature.  The  low- 
melting  point  of  glass  necessitates  the 
use  of  quartz  tubes  with  this  type  of 
lamp. 

In  the  Moore  tube,  the  light  is  ob- 
tained from  a  liuninescent  gas  at  a 
comparatively  low  temperature.  This 
luminescence  is  produced  by  high-voltage  electric  discharge 
taking  place  in  vacuum  tubes.  These  tubes  are  sometimes 
200  ft.  long  and  are  bulky  per  candlepower.  They  have  an 
advantage  in  that  the  color  can  be  controlled  by  means  of  the 
gas  used  in  the  tube. 

If  carbon  dioxide  be  used,  for  example,  a.  light  closely  approach- 
ing daylight  is  obtained.  This  characteristic,  together  with  its 
uniform  distribution,  makes  it  an  excellent  lamp  for  color 
matching,  as  with  textiles.  Its  efficiency  is  about  2.5  watts  per 
candlepower.     The  power-factor  is  low. 

The  Nernst  lamp  operates  on  the  principle  that  porcelain, 
at  a  red  heat,  is  a  conductor  of  electricity.  This  lamp  has  a 
heating  coil  which  makes  a  porcelain  filament  conducting. 
The  lamp  gives  a  substantially  white  light  and  gives  off  no  odor 


Fig.   390. — Connections   of 
mercury-vapor  lamp. 
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or  dirt.  It  does  not  require  trimming.  Its  maintenance  is 
high.  Tungsten  lamps  have  driven  it  from  the  Ughting  field. 
Its  efficiency  is  about  1.3  watts  per  mean  hemispherical  candle- 
power. 

As  a  maximum,  the  foregoing  lamps  emit  as  light  energy  from 
2  to  5  per  cent,  of  the  electrical  energy  suppUed  to  them.  The 
remainder  of  the  energy  is  liberated  as  heat.  On  the  other  hand, 
the  firefly  has  a  light-giving  efficiency  of  96  per  cent.  It  emits 
very  little  heat  energy.  Although  great  improvements  have 
been  made  in  the  field  of  illuminants  during  the  past  few  years, 
there  is  still  a  tremendous  opportunity  for  further  advances.- 

PHOTOMETRY 

198.  Photometry. — Photometry  is  the  measurement  of  light. 
Light  measurements  are  nearly  all  made  by  direct  comparison. 
The  chief  source  of  inaccuracy  in  making  such  comparisons  is  the 
question  of  color.  Unless  the  lamps  under  comparison  are  of 
almost  exactly  the  same  color,  only  an  approximate  photometric 
balance  can  be  obtained.  This  balance  varies  with  different 
persons  owing  to  the  effect  of  different  colors  upon  the  eye. 

199.  The  Btmsen  Photometer. — The  Bunsen  photometer  is 
the  simplest  type  of  photometric  measuring  device  and  is  illus- 
trated in  Fig.  391.  Assume  that  it  is  desired  to  measure  the 
candlepower  of  the  incandescent  lamp  L,  using  the  candle  C  as  a 
standard  for  comparison.  The  two  lights  are  placed  some  10  to 
20  ft.  apart  and  a  movable  screen  S  is  placed  between  them. 
The  screen  S  consists  of  a  piece  of  paper  or  parchment  with  a 
grease  spot  in  the  center.  The  grease  spot  on  the  screen  is 
translucent  and  so  £(,llows  light  to  pass.  If  viewed  from 
the  side  which  is  illuminated,  the  spot  will  appear  darker  than  the 
rest  of  the  screen,  owing  to  the  fact  that  light  passes  through  the 
translucent  grease  spot  more  readily  than  through  the  surround- 
ing part  of  the  screen. 

On  the  other  hand,  if  this  same  screen  be  viewed  from  the 
non-illuminated  side,  the  grease  spot  will  appear  brighter  than  the 
rest  of  the  screen,  since  it  is  more  translucent  than  the  rest  of 
screen.  Now  if  both  sides  of  the  screen  receive  equal  illumi- 
nation, the  grease  spot  will  look  the  same  in  comparison  with  the 
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surrounding  portion  of  the  disc,  when  viewed  from  either  side. 
When  this  occurs,  a  photometrical  balance  is  obtained. 

In  order  that  the  observer  may  view  both  sides  of  the  screen 
simultaneously,  two  mirrors  Af ,  Fig.  391,  are  set  at  an  angle  and 
rcj9e(!t  the  light  in  the  manner  shown  by  the  dotted  lines. 

The  screen  >S  is  moved  until  the  screen  looks  the  same  on 
both  sides,  and  the  distances  I  and  h  are  read.  Let  E  be  the 
candlcpower  of  the  candle  or  standard  and  Ei  the  candlepower 
of  the  test  lamp.  Remembering  that  light  intensity  varies 
inversely  as  the  square  of  the  distance. 

E,  ^  h^ 
E       P 

.MX 


SiffhtTabe 


Fig.  391. — Bunsen  photometer. 

The  candlepower  of  the  test  lamp 

If  a  standard  candle  is  used,  E  equals  1.0. 

If  the  two  lights  have  different  color,  the  two  sides  of  the 
screen  will  never  appear  alike  and  only  an  approximate  balance 
can  be  obtained.  The  position  of  balance  is  to  a  considerable 
extent  determined  by  the  personal  equation  of  the  observer. 

Because  of  the  unreliability  of  candles,  standard  incandescent 
lamps  are  used.  These  may  be  obtained  from  the  Bureau  of 
Standards.  Such  lamps,  when  used  at  the  voltage  at  which  they 
are  calibrated,  are  very  accurate  standards.    An  arrow  on  the 
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lamp  indicates  the  position  in  which  it  was  calibrated.  It  is 
customary  to  use  the  standard  lamp  only  to  calibrate  a  working 
standard  so  that  the  candlepower  of  the  ultimate  standard  will 
not  change  due  to  its  being  in  too  constant  use. 
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Fig.  392. — Connections  for  photometric  test. 

As  the  candlepower  of  lamps  is  very  sensitive  to  changes  in 
voltage,  the  connections  are  often  made  as  shown  in  Fig.  392. 
Both  hghts  are  fed  through  an  adjustable  resistance  Ri-  An 
adjustable  resistance  R  is  in  series  with  the  standard  lamp  and 
another  adjustable  resistance  Ri  is  in  series  with  the  test  lamp. 
A  voltmeter  is  in  parallel  with  each  lamp.  Both  lamps  are 
brought  to  the  desired  values  of  voltage  by  adjusting  roughly  fls, 
and  then  by  separate  adjustments  of  R  and  Ri.  Any  fluctua- 
tions of  line  voltage  can  be  taken  care  of  by  the  resistance  ffij, 
which  affects  both  lamps.  Further,  any  unnoticed  change  of  line 
voltage  affects  both  lamps  approximately  to  the  same  degree  if 
the  lamps  have  similar  voltage-candlepower  characteristics. 

200,  The  Lummer-Brodhun  Photometer. — The  Lummer- 
Brodhun  screen  presents  two  clearly  defined  elliptical  areas,  as 


Fia.  393. — Lummer-Brodbun  photometer. 
shown  in  Fig.  393.  When  a  photometric  balance  is  obtained, 
the  two  ellipses  merge  into  one  if  the  lights  have  the  same  color. 
The  operation  of  this  screen  is  as  follows:  Si,  Ss  is  a  white, 
opaque  screen.  The  light  coming  from  one  source  falls  on  the 
side  Si  and  that  coming  from  the  other  source  falls  on  the  side  St. 
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201.  The  Sharp-Millar  Phatonieter. — A  ;i:r:di:ie  7ln}n:iiiet«»r 
^  is  ae'^essarv  for 

1  i  i  a  z   5  '1  -:  h. 

in  Tihe  Libora- 
Ztirr.  -Jus  oa  arc 
laniDf*  in  service, 
^treet-Iiaiiting 
unit'?,  store 
lijjhtins.  etc. 
Portable  pho- 

t.(jUif:U:r<  involve  iha  siime  principles  a5  laboratory-  photome- 
t/.r-.  Thr-  difference  lies  in  the  compactness  and  in  the  ease  of 
manipulation. 
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The  Sharp-Millar  Photometer  is  typical  of  the  portable  type. 
A  plan  of  the  instrument  is  shown  in  Fig.  394.  T  is  a  tube  which 
can  swing  through  180°.  At  the  elbow  R  is  either  a  mirror  or  a 
white  diffusing  surface.  The  Ught  entering  the  tube  is  reflected 
at  right  angles  by  R  and  is  directed  towards  P,  a  Limamer- 
Brodhun  Screen.  This  Ught  is  balanced  against  the  brightness 
of  a  screen  W,  illimiinated  by  a  6-volt  tungsten  lamp  S,  which  is 
standardized.  The  viewing  aperture  is  at  0.  The  screens,  Si, 
S2,  Sz  prevent  stray  Ught  from  the  lamp  S  falUng  on  the  window 
W,  The  balance  is  obtained  by  moving  the  lamp  S,  which  varies 
the  iUmnination  on  the  window  TF.  By  reading  the  position  of 
the  lamp  on  a  scale  when  balance  is  obtained,  the  candle- 
power  can  be  determined.  If  iUumination  is  being  measured, 
a  white  translucent  glass,  called  a  test  plate,  is  placed  at  T  and 
the  mirror  used  at  R.  The  brightness  of  T  is  a  measure  of  the 
total  iUumination  falling  upon  it. 

On  the  other  hand,  if  the  candlepower  of  a  lamp  is  being 
measured,  extraneous  light  must  be  excluded.  Therefore,  the 
test  plate  at  T  is  removed  and 
the  mirror  at  R  is  reversed, 
which  substitutes  for  R  the 
white  diffusing  surface.  The 
only  Ught  which  enters  the 
tube  is  that  coming  from  the 
source  towards  which  the  tube 
is  directed,  the  extraneous 
light  being  cut  off  by  the  sides 
of  the  tube. 

If  the  Ught  to  be  measured 
is  too  bright  for  obtaining  a 
balance,  either  screen  A  or  Ai 
may  be  interposed  between  R 
and  the  photometer  head,  thus  reducing  the  light  in  a  known 
ratio.  On  the  other  hand,  if  the  measured  Ught  is  found  to  be 
too  dim,  these  screens  may  be  turned  so  as  to  lie  between  W 
and  the  photometer  head,  thus  reducing  the  Ught  from  the 
standard,  and  making  a  balance  possible. 

The  standard  lamp  S  is  supplied  by  a  6-volt  storage  battery. 
Its  candlepower  is  controlled  by  a  rheostat.    The  correct  adjust- 
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Fig.  395. — Connections  for  adjusting 
standard  lamp  of  Sharp-Millar  photo- 
meter. 
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nient  may  be  determined  by  an  ammeter  connected  in  series  with 
the  laiup.  A  later  method,  which  depends  upon  the  wheatstone 
bridal'  priiK'iple,  has  been  developed  and  is  illustrated  by  Fig.  395. 
Thf  lamp  is  tint.<  arm  of  a  wheatstone  bridge.  A,  C  and  D,  made 
of  materials  with  zero  temperature  coefficient,  fonn  the  other 
thrt-e  arms.  The  resistance  of  a  tungsten  filament  is  very  senai- 
tive  to  i-haiiges  of  temperature  and  therefore  to  changes  of  cur- 
rt-iit.  For  this  reason  the  bridge  will  balance  only  for  one  value 
of  total  current,  which  is  controlled  by  the  resistance  R.  The 
»liiler  i^  allows  small  adjustments  to  be  made.  Instead  of  the 
galvanometer,  (>,  a  telephone  receiver  is  often  used,  the  balance 
being  tU'tonnined  by  interrupting  the  telephone  circuit.  If  the 
system  is  out  of  balance  a  chck  is  heard  in  the  receiver.  This 
e(|uipmciit  oUminates  the  weight  of  either  an  ammeter  or  a 
Kalvaiionieter. 

202.  The  Rousseau  Diagram. — The  mean  horizontal  candle- 
IKtwor  of  an  incandescent  lamp  may  be  determined  by  rotating 


Fio.  306. — Rousseau  diaEram. 

the  lamp  anti  at  the  same  time  measuring  its  candlepower  in  a 
horizontal  direction.  The  speed  of  rotation  must  be  sufficiently 
high  so  that  flicker  will  not  prevent  the  obtaining  of  an  accurate 
balance.  Too  high  a  speed  distorts  the  filament  by  centrifugal 
force.  The  rotator  is  usually  so  designed  that  the  lamp  can  be 
turncii  through  any  vertical  angle  between  0°  and  180°,  If 
the  candlepower  is  measured  at  various  angles  between  0°  and 
1S0°  and  the  corresponding  values  of  candlepower  are  laid  off  OD 
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the  radii  of  polar  coordinate  paper,  a  curve  similar  to  that  shown 
in  Fig.  396  is  obtained.  As  would  be  expected,  an  incandescent 
lamp  in  the  ordinary  position  emits  but  little  light  in  the  up- 
ward vertical  direction,  owing  to  the  presence  of  the  socket  and 
base.  But  little  light  is  thrown  vertically  downward  because  of 
the  small  length  of  filament  exposed  in  that  direction. 

The  mean  spherical  candlepower  of  the  lamp  is  obtained  by  the 
Rousseau  diagram  as  follows: 

A  circle  mnm^  of  some  convenient  diameter  is  drawn  about 
the  polar  candlepower  diagram,  as  shown  in  Fig.  396.  The 
ends  of  the  various  radii  are  projected  on  a  straight  line  a'6'. 
Perpendiculars  are  dropped  from  these  projection  points  to  ab 
which  is  parallel  to  a'6'.  The  distances  od,  o/,  etc.,  are  laid  off 
from  ab  on  these  perpendiculars,  as  shown  at  o'd',  o'/'.  The 
average  height  of  the  curve  gfe^  to  scale  gives  the  mean  spherical 
candlepower  of  the  lamp.  This  average  height  may  be  obtained 
by  measuring  the  area  abge'a  and  dividing  by  the  base  ab,  the 
proper  scale  being  used,  or  by  taking  the  average  of  several 
equally-spaced  perpendiculars. 

The  output  of  the  lamp  in  lumens  is  obtained  by  multiplying 
the  mean  spherical  candlepower  by  47r  (12.57). 

The  spherical  reduction  factor  of  a  lamp  is  the  ratio  of  the  mean 
spherical  candlepower  to  the  mean  horizontal  candlepower.  It 
is  usually  less  than  1.0.  This  factor  depends  on  the  shape  and 
disposition  of  the  filament  and  also  on  the  reflector,  if  one  be 
used.  For  a  given  type  of  lamp,  the  spherical  reduction  factor  is 
nearly  a  constant  quantity.  Knowing  this  factor  for  a  given 
type  of  lamp,  the  mean  spherical  candlepower  and  the  luminous 
output  of  a  lamp  can  be  readily  calculated  after  making  one 
measurement  of  the  mean  horizontal  candlepower.  Below  are 
the  spherical  reduction  factors  of  a  few  standard  lamps. 

Spherical  Reduction  Factors* 

Treated  carbon,  oval  filament 0.82 

Metallized  carbon  (GEM)  oval  filament 0.82 

Tantalum 0. 97 

Mazda,  60  watts 0. 78 

Gas-filled 0.80  to  0.90 

1  *' Standard  Handbook,"  Section  14. 
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ExampU. — In  the  poUr  da^run  of  Fig,  396.  1  in.  ndial  ''^■■—  equmb 

2^j  'AiMijftfWvcr.     The  duuoeter  of  tiie  drtle  and  the  line  «fr  haT«  a  length  ctf 

4  i£.     The  ftnsa  c<  o^'a  k  S  «q.  in.     Tl>e  lamp  takes  00  ntta  and  the  leogth 

c/  the  liae  oK  m  2.5  in.     Detennme:  >,  The  mean  spherical  candlepaver. 

'h,  TLe  witfnt  o^  the  lamp  in  hu&eiis.     V.  The  mean  horiaoatal  candle- 

f^yver.     '^   The  effieieney  of  the  lamp  in  vans  per  mean  horiaootal  and 

l^iT  u^aia  iphefieal  candlepover.     >,  The  spherical  reduction  factor  of  the 

lamp. 

**  y  30 
^a,   mj,«T).  =        1        =  40fp.  An*. 

'''y/  40  /  12.57  =  502- S  lumens.  An*. 

'c/  Tht:  TiMtAn  horiiontal  candlepoiver  —  the  length  of  the  line  oft  X  20  » 
2.5  /  20  =  oO  cp.  Anm. 

00 
^4)   ^j  =  1.20  watts  per  DLh.cp.  ^iw. 

60       ,  , 

^  *  l.o  watu  per  m.s.cp.  AnM. 

40 
(«;   The  spherical  reduction  factor  =  =5  =  0.80.  Afu. 

Ton.  Reflectors. — It  is  impossible,  except  in  a  general  way,  to 
design  a  lamp  so  that  it  will  distribute  its  illumination  in  a 
desired  manner.  The  distribution  of  light  from  light  sources  is 
readily  controlled,  however,  b\'  reflectors,  the  type  of  reflector 
being  determined  by  the  existing  conditions.  In  "white  way" 
illumination,  for  example,  as  used  in  the  business  districts,  it  is 
desirable  that  considerable  light  be  delivered  upward  so  as  to  illu- 
minate the  front  of  the  buildings.  Ornamental  fixtures  simi- 
lar to  that  shown  in  Fig.  397  can  be  used.  On  the  other  hand, 
light  sent  upwards  in  the  residential  districts  is  either  lost  or 
is  undesirable  from  the  point  of  \new  of  the  residents,  because 
such  light  comes  in  at  their  windows.  Hence,  some  type  of 
fixture  with  a  reflector  similar  to  the  pendant  t\T)e  shown  in 
Fig.  398  should  be  selected  for  this  type  of  illumination.  When 
it  is  desirable  to  throw  the  light  into  the  lower  hemisphere,  a 
prismatic  refractor  is  very  eflicient.  This  consists  of  a  glass 
cylinder  in  which  prisms  are  cut.  A  cross-section  of  such  a 
refractor  is  shown  in  Fig.  399  (vertical  section).  The  prisms 
bend  the  light  beams  downward  by  refraction,  as  shown.  Often- 
times a  second  refractor  is  used  in  which  the  prisms  are  cut 
vertically,  as   shown   in   Fig.  399   (horizontal  section).    This 
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breakB  up  the  light  in  the  horizontal  pdanes  and  eliminates  glare. 
Figure  404  shows  a  roadway  illuminated  by  the  use  of  prismatic 
refractors.  Figure  400  shows  the  effect  on  the  Ught-distribution 
curve  of  placing  a  reflector  on  a  lamp  used  for  interior  iUumi- 


Fio.  397.— General  Electrie  or-  Fio.    398.  —  Ornamental    pole 

namental    luminoufl     arc     lamp      with    atepa    and    wooden    crose- 
mounted  on  Lynn-type  pole.  arms  for  pendant  type  of  lum- 

inous arc.     (Lundin  Co.) 

nation.     The  upward  light  is  re-directed  downward  where  it  is 
more  useful. 

The  type  of  reflector  to  be  used  is  determined  almost  entirely 
by  the  conditions  and  the  illumination  desired.  Such  reflectors 
may  absorb  from  20  to  25  per  cent,  of  the  light  emitted  by  the 
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lamp,  but  they  increase  the  light  in   the  direction  in  which  it 
is  utilized. 


Fia.  399. — Magnetite  arc  lamp  with  priamatia  refractor. 
US'     ISO"  166'  UO"  US-  UO"     UP 
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1 

FiQ.  400.'^Caii<lleponer  distribution  curves  of  lamp  with  and  without  reflector. 

204.  Interior  Illumination. — Interior  illumination  ib  a  very  big 
subject  and  requires  considerable  space  for  a  comprehensive 
treatment.  It  is  more  or  less  complicated  by  the  number  of 
lamps  that  it  may  be  necessary  to  use,  by  the  reflection  from 
ceilings,  walla,  etc.  The  more  involved  problems  require  the 
services  of  an  illuminating  engineer  who  has  had  considerable 
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experience  in  the  art  of  illumination.  A  few  fundameotal 
priociples,  however,  underly  the  general  problem  and  these  will 
be  treated  briefly. 

Interior  illuminants  are  confined  practically  to  the  vacuum 
Mazda  lamp  and  the  gas-filled  lamp,  although  carbon  lamps  are 
unfortunately  still  used  in  some  instances.  The  purposes  to  be 
accomplished  by  interior  illumination  are  to  provide  sufficient 
light  for  working,  reading,  writing,  etc.,  and  to  distribute  this 
light  properly  without  glare.     A  lamp  with  a  clear  globe  may  give 


Fio.  401. — Single  lamp 


sufficient  light  and  distribute  it  properly,  but  the  glare  of  the  bare 
filament  may  be  objectionable.  Further,  the  artistic  aspect  of 
illumination  should  be  kept  in  mind.  The  fixtures  should  be 
pleasing,  the  proper  light  thrown  on  pictures,  decorations,  etc. 

Reading  and  writing  require  an  illumination  of  from  3  to  4 
foot-candles,  whereas  drafting  and  detail  work  may  require  as 
many  as  8  foot-candles.  This  is  the  illumination  necessary  on  a 
plane  about  30  in.  above  the  floor.  In  an  office,  or  drafting  room, 
it  is  desirable  that  this  hght  be  provided  entirely  by  overhead 
sources.  Where  a  single  desk  requires  a  higher  intensity  of  illu- 
mination than  the  rest  of  the  room,  desk  lamps  may  be  provided. 

When  lighting  an  interior,  a  single  ceiling  light  in  the  center 
may  suffice  if  the  room  is  not  too  large.    In  this  case  the  reflector 
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diould  distribute  the  light  in  a  maimer  nirnilar  to  that  indicated  in 
Fig.  401  so  that  the  waQs  will  receive  some  erf  the  h^t.  If  a 
large  roran  is  to  be  illuminated,  a  angle  center  li^t  may  be 
insufficient.    Such  a  rocHn  should  be   divided  a^voximatdy 


Fid.  402. — Diatributioii  of  lighting  nnhs  mud  Immp*  in  I>iib 


in  squares,  as  shown  in  Fig.  402  (a),  and  a  light  i^aced  at  the 
center  of  each  square.  Under  these  conditions,  the  reflector 
should  distribute  the  light  in  the  manner  indicated  in  Fig,  402  (6). 
This  secures  a  more  uniform  lighting  of  the  room. 


Fig.  403. — Reflection  and  illumiiiBtion  from  an  indirect  lighting  aomce. 


Indirect  lighting  is  used  to  a  considerable  extent.  An  opaque 
inverted  bowl  is  suspended  from  the  ceiling,  aa  shown  in  Fig. 
403.     The  light  is  first  directed  to  the  ceiling  and  is  then  diffused 
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throughout  the  room.  This  method  of  Kghting  conceals  the 
source  and  insures  a  fairly  uniform  distribution.  The  method  is 
inefficient  and  the  complete  hiding  of  the  source  of  Ught  is 
considered  objectionable  by  many  persons. 

An  improvement  over  the  indirect  is  the  semi-indirect  system. 
The  opaque  bowl  is  replaced  by  a  translucent  bowl,  allowing  a 
considerable  portion  of  the  Ught  to  be  transmitted  through  the 
fixture.  As  in  the  indirect  system,  a  large  amount  of  Ught  is 
directed  to  the  ceiUng  and  then  reflected  through  the  room. 
This  system  is  more  efficient  than  the  indirect  and  is  more  pleas-  . 
ing  because  the  source  of  Ught  is  not  entirely  concealed.  Both 
systems  require  clean,  Ught-colored  ceilings  for  their  most  effec- 
tive use. 

Factory  ^  and  shop  Ughting  is  a  field  in  itself.  Individual  machines, 
where  fine  work  is  being  done,  may  require  individual  lamps. 
These  lamps  should  be  provided  with  reflectors  which  concentrate 
the  Ught  on  the  work.  Overhead  belting  miUtates  against  good 
iUumination  and  this  fact  constitutes  a  good  argument  for  indi- 
vidual and  group  drives.  Cranes  often  necessitate  lamps  being 
placed  much  higher  than  is  efficient  from  the  standpoint  of 
iUumination.  Where  units  are  placed  high  above  the  floor,  large 
units  are  more  efficient  than  smaU  ones.  The  cost  of  Ughting  a 
factory  is  a  very  smaU  percentage  of  the  total  cost  of  operation. 
Moreover,  good  iUumination  results  in  increased  production, 
more  accurate  work,  and  fewer  accidents.  Particular  care  should 
be  taken  to  provide  good  iUmnination  in  factories,  mills,  etc. 

206.  Street  Illumination. — Street  iUumination  differs  materi- 
aUy  from  interior  iUmnination.  Interior  iUiunination  must  be 
puch  that  small  details  can  be  clearly  seen.  This  requires  intens- 
ities of  from  1.25  to  8.0  foot-candles.  When  this  high  intensity 
is  obtained,  there  is  no  difficulty  whatever  in  seeing  and  recogniz- 
ing objects.  On  the  other  hand,  the  purpose  of  street  Ughting 
is  not  to  show  details  but  to  enable  one  to  see  and  recognize 
objects  and  persons.  Obviously  this  must  be  accomplished  with 
intensities  very  much  less  than  those  used  in  interior  iUiunination, 
In  a  room,  the  ceiUngs,  walls,  paper,  etc.  are  nearly  always  Ught 
in  color  and  considerable  Ught  is  obtained  by  reflection  from 

See  Electrical  World  Vol.  70,  1917,  Various  articles  on  Jlluminatipyi  by 
Prof.  C,  E.  ClewelL 
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them.  In  street  lif^ting.  on  the  other  hand,  the  objecta  Oluini- 
natctl  are  the  street  and  sidewalk  surfaces,  trees,  etc.,  all  of  which 
are  dark  in  tone,  and  any  light  not  fallii^  directly  on  them  is 
lost.  The  light  icflceted  from  buildings  is  so  small  that  it  need 
not  be  Kerioualy  considered.  The  hght  which  goes  upwards 
and  into  trees  is  lost. 

Formerly,  the  idea  of  good  street  lighting  was  to  inutate  day- 
light as  closely  as  possible  by  securing  uniform  illumination. 
Those  responsible  for  the  design  and  placing  of  street  lighting 
units  directed  their  efforts  towards  obtaining  this  result  and 
the  greater  the  uniformity  the  more  successful  the  installation 


d  objecta  recogniied  by  silhouette. 

was  considered.  This  method  of  illuminatton  has  one  fault 
which  was  not  appreciated  at  first.     With  the  dim  illumination 

which  necessarily  accompanies  street  lighting,  objects  are  seen 
mostly  by  shadow  and  silhouette.  This  is  illustrated  by  Fig.  404, 
in  which  the  automobile  is  recognized  almost  entirely  by  its 
silhouette.  With  uniform  lighting,  obtained  by  using  a  large 
number  of  small  units  placed  close  together,  shadows  and  silhou- 
ette are  almost  entirely  eliminated.  Depressions  and  objects 
in  the  road  become  much  more  difficult  to  distinguish.  This  is 
particularly  true  when  the  object  and  the  road  have  the  same 
general  color. 
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Uniform  lighting  is  considered  good  engineering  in  the  great 
white  ways  which  have  become  popular  in  recent  years.  The 
conditions  here  are,  however,  quite  different  from  tliose  of  average 
street  lighting.  The  intensity  of  illumination  is  very  high. 
Such  white  ways  are  almost  always  situated  in  the  down-town 
business  streets  where  the  light  from  the  lamps  is  supplemented 
by  illumination  from  shop  windows,  illuminated  signs,  and 
display  lighting.  Objects  and  persons  are  recognizable  by  very 
slight  differences  in  color  or  in  outline,  because  of  the  high  in- 


Fio.  405.— Ni|[ht  illuminatioD,  Nahant  Road,  Maae..  with  General  Electric 
luminoua  arc  lamps  equipped  nitli  prismatic  refractors,  (llliiatratea  specular 
raflecljon.) 

tensity  of  illumination  which  exists.     This  is  analogous  to  interior 
illumination. 

Another  feature  of  road  illumination  has  only  recently  become 
recognized.  Automobiles  give  oiled,  tarred  roads  a  glazed  sur- 
face. When  illuminated  at  night,  light  is  reflected  from  the 
roadway  to  the  observer  as  from  a  mirror.  It  is  the  same  pheno- 
menon as  the  moon  shining  on  the  water.  Figures  404  and  405 
show  examples  of  this  phenomenon,  which  is  called  "specular 
reflection."     Just  as  in  the  case  of  a  floating  object  coming  into 
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the  reflected  moonlight  on  the  water,  bo  an  object  on  the  road 
is  clearly  silhouetted  against  this  "specular  reflection"  from  the 
road.  This  is  well  illustrated  by  Figs.  404  and  405,  where  even 
the  very  alight  road  ripples  can  be  clearly  seen.  This  reflection 
is  better  obtained  by  using  a  few  large  units,  spaced  some  dis- 
tance apart,  than  by  using  a  large  number  of  small  units  placed 
close  together,  as  in  attempting  to  obtain  uniform  illmniuation. 
The  use  of  automobiles  has  added  to  the  problems  of  street 
illumination.     Owing  to  the  high  speed  of  this  type  of  vehicle,  im- 
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proper  illumination  may  lead  to  many  accidents.  A  very  common 
cause  of  such  accidents  is  the  improper  location  of  the  lighting 
units  at  curves,  etc.  Care  should  be  taken  to  so  locate  the 
units  as  to  eliminate  the  glare  in  the  drivers'  eyes  and  at  the 
same  time  to  make  clearly  visible  any  object  approaching  iij 
the  opposite  direction. 

206.  Flood  Lighting. — Many  spectacular  and  pleasing  effects 
have  resulted  from  flood  lighting.  This  type  of  illumination 
is  obtained  by  projecting  the  light  on  the  building  or  object  to 
be  illuminated  by  means  of  properly  located  projectors.     Flood 
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lighting  is  commonly  applied  to  the  illumination  of  public 
buildings,  statues,  etc.  (the  Statue  of  Liberty  in  particular). 
It  was  extensively  used  at  the  Pan-American  Exposition  in  San 
Francisco  in  1915.  In  flood  lighting  it  is  necessary  not  only  to 
illuminate  the  object  but  the  projectors  must  be  so  placed  that 
architectural  details  are  brought  out  by  relief  and  shadow.  This 
is  well  illustrated  by  Fig.  406  showing  the  Public  Library  at 
Lynn,  Mass. 

During  the  past  few  years,  street  lighting  has  been  studied  not 
only  from  the  photometric  standpoint,  but  from  the  architectural 
point  of  view  as  well.  In  many  instances  crude  poles,  mast  arms 
etc.  have  been  replaced  by  ornamental  fixtures  of  the  type  shown 
in  Fig.  397. 
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Circiiiar  Measure — ^The  Radian 

\  Tlie  radian  is  circular  an^  subtended  by  an  ai« 

\     equal  in  kaxgth  to  the  radius  of  its  drcle  as  shown  in 

\     ihe  figure.     The  drde  has  a  radius   of   r  units  and 

"^  the  radian  is  subtended  by  an  arc  whose  kaigth  is  r 

units. 

As  the  cjrcumferenoe  <rf  a  tarde  is  2Trr  units,  there 
must  be  2a-  or  6.283  radians  in  360°,  Tlierefore  1 
radian  equals  360°/2t  =  57,30°.  It  follows  that 
180°  =  X  radians. 

AnguUrr  vdociiy  is  often  expressed  in  radians  pest  second,  and  the  accepted 
sjTnbol  is  «  (omega).  In  evoy  revolution  a  rotating  quantity  completes 
2x  radians.  If  i&  rotating  quantity  makes  n  revolutions  per  secooHi,  its 
angular  velocity  o»  =  2xn  radians  per  second. 

APPEIVDIX  B 
Trigonometry — ^Simple  Funcdoos 

oppodte  side 


1.  The  sine  (sin)  of  an  angle  = 

2.  The  cosine  (cos)  of  an  angle     = 

3.  The  tangent  (tan)  of  an  angle  = 


4.  The  cotangent  (cot)  = 


,  tan 


5.  The  secant  (sec)   = 


cos 


6.  The  cosecant  (cosec)  = 


sm 


hypotenuse 
adjacent  side 
hjrpotenuse 
opposite  side 
adjacent  side 
_  adjacent  side 
opposite  side 

_  hypotenuse 
adjacent  side 

_   hypotenuse 
opposite  side 


7.  sm  A  =  - 

c 

ft  A  ^ 

8.  cos  A  =  - 

c 

9.  tan  A  =  T 


Ratio  of  sides  in  a  right  isos- 
celes triangle 


10.  cot  A  =  -  = i 

a     tan  A 

XX.  sec  .A  ^  T  ^  i" 

b      cos  A 

12.  cosec  A   =  -  =  -;^ — V 

a     sin  A 


14. 


Ratio  of  sides  in  a  30--60  de- 
gree right  triangle 


16.  sin  5   =  -  =  cos  A  =  cos  (90°  -  5),  since  A  =  90°  -  B 

16.  cos  5  =  -  =  sin  A  =  sin  (90°   -B) 
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APPENDLS  C 

Functions    of    Angles    greater    than    W 

ob  the  radius  vector  is  always  positive 

FiKST  Quadrant 
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sin  A 

+  06 

sin  is  (-h) 

cos  A 

+  oa 
+  ob 

cos  is  (-|-) 

tan  A 

-\-  ab 
-\-  oa 

tan  is  (+) 

Second  Quadrant 

sin  A 

-\-ab 
+  ob 

sin  is  (  +) 

cos  A 

—  oa 

cos  is  ( — ) 

-\-  ob 

iAn  A 

+  ab 
—  oa 

tan  is  ( — ) 

Third  Quadrant 

sin  A 

-ab 

+  ob 

sin  is  (— ) 

cos  A 

—  oa 
-\-ob 

cos  is  ( — ) 

tan  A 

-ab 

tan  is  (+) 

—  oa 

Fourth  Quadrant 

sin  A 

-ab 
+  ob 

sin  is  (  — ) 

cos  A 

-\-  oa 
+  ob 

cos  is  (+) 

tan  A 

-ab 

tan  is  ( — ) 

(Also  see  graphic  representation  of  Trigonometric  Functions) 
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32. 
33. 
34. 
36. 
36. 
37. 

38. 

39. 

40. 
41. 

42. 


43. 


APPENDIX  D 
Simple  Trigonometric  Formulas 

a2  +  62  =  c2 


a 


62 


-O         I         -O  ^o  ■*• 


a 
since  sin  a;  =  - 

c 


cos  a;  =  - 


sin^a;  +  cos2a;  =  1 

sec2a;  =  1  -|-  tan^o; 

sin  {x  -\-  y)  —  sin  x  cos  y  •\-  cos  x  sin  2/ 
sin  {x  —  y)  —  sin  a;  cos  y  —  cos  a;  sin  y 
cos  (a;  -f-  2/)  =  cos  x  cos  2/  —  sin  x  sin  y 
cos  (a;  —  ?/)  =  cos  x  cos  2/  +  sin  x  sin  y 

tan  (X  +  v)  =  **°  ^  +  tan  !/ 


tan  {x  —  y)  — 


1  —  tan  X  tan  2/ 
tan  X  —  tan  y 


1  +  tan  X  tan  2/ 
sin  2a;  =  2  sin  x  cos  x 

cos    2x  =  cos2x  —  sin2a? 

2  tan  a; 


tan  2x  = 


1  —  tan.2x 


a 


Law?  0/  Sines. — 
In  any  triangle 

_•      6       _      c 
sin  A        sin  5       sin  C 


Law  of  Cosines. — In  any  triangle  the  square  of  any  side  is  equal  to  the 
sum  of  the  squares  of  the  other  two  sides  minus  twice  the  product  of  these 
two  sides  into  the  cosine  of  their  included  angle. 

That  is: 

44.  o2  =  62  +  c2  -  26c  cos  A 

62  +  c2  - 


45.     cos  A  = 


46.     cos  B  = 


47.    cos  C 
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APPENDIX  H 
Resistance  of  Copper  Wm^  Ohms  per  Mile  WC.  (7TT.) 


^iz^j  cir.  miL« 

^  V                             «                                        ^ 

Outside  diam.. 

^^VV                                                          *  V 

A.W.G. 

1 

]Nuinrier  of 
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mils 

Ohms  per  mile 

Stbaxded 
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1 
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For  more  detailed  tables,  see  Vol.  I,  pages  45  and  46. 
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APPEHDIX  I 


IndnctiTe  Iteactance  per  SSagle  Conductor,  Ohms  per  Hlie^ 

Stranded 


Sice 
dr.  mils 
A.W.G. 

60  cycles  per  sec 

Spacing,  in. 

12 

24 

36 

48 

60 

72        84        96 

1 

108 

120 

132 

144 

156 

500,000    0.451  0.535  0.5840.6190.647  0.669  0.688  0.7030.718  0,7300.7420.7520.762 


450,000   0.458  0.5410.5910.625  0.653  0.675  0.693  0.709  0.724  0.736  0.7480.7580.767 


400,000    0.464  0.548  0.5980, 632  0.660  0,682  0,700  0.716  0.731  0.743  0.755  0.765  0.775 


350,000    0.472  0.556  0.606  0.640  0.668  0.690  0.708,0.724  0.739,0.7510.763  0.774  0,783 


300,000  10. 482  0.5660.61510. 650  0.677  0.699  0.718,0. 734  0.748,0. 7600- 77210. 7830. 792 


250,000   0.493  0.577  0.6260. 661  0.688  0.711  0.729  0.745  0.759,0. 7720, 783,0. 7940. 804 


0000    0.503  0.587  0.636  0.672 0-698 0.722  0.739  0.755 0.770 0.7820. 793,0.804  0-814 


I 


000   0.517  0.6010.6500.6850.7130.7350.754  0.7690.784  0.7960.8080.8180,828 


00    0.5310.615  0.664  0.699,0.7260.748  0.767  0.782  0.798  0.810  0.822 


0.832  0,842 


0    0.546  0-629  0.678  0.714  0.740  0.762  0.7810.797  0.812  0.824  0.836  0.846  0.856 


Soxja> 


0000  0.510  0.594  0.642  0.677  0.704 


000  0-524  0.608  0.656  0.692  0.718 


i 


0.726  0.746  0.762  0.776  0.788 


0.740  0.760  0-776  0.790  0.802 


I 


00 


0.800  0.810  0.820 


0.8140.824  0,834 


0.538  0.622  0.6700. 706  0-732  0.754  0.774,0.7900.804,0.816  0.828 

I  I  I  I  I  !  I  I 


0.552  0.636  0.684  0.720  0.746  0.768  0.788  0.804  0.818  0.8300.842 


1    0.5660.619  0.698  0.734  0.760  0.782  0.802  0.818  0.832  0.844 


2    0.580  0.664  0.712  0.748  0.774  0.796,0.816  0.832  0.846  0.858 


3  :0. 594  0.678  0.726  0.762  0.788  0.810  0.829  0.846  0.860  0.872 


0.608  0.692  0.740:0-776  0.803,0.824  0.843  0.860  0.874  0.886 


0.838 


0.848 


0.8520.862 


0,856  0.866  0.876 


0,870 


0.880 


0.884  0.894  0.904 


0.890 


0.898 


5  0. 622  0.706!o.754'o.79o'o. 817  0.8380. 858  0-874  0.888  0.900:0.912 
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QUESTIONS    ON   CHAPTER  I 

1.  State  briefly  some  of  the  advantages  of  direct  over  alternating  current 
for  industrial  purposes.  Which  type  of  power  supply  is  best  adapted  to 
traction  purposes?     Why  is  direct  current  necessary  for  electrolytic  work? 

2.  In  spite  of  the  many  advantages  of  direct  current  why  is  a  large  per- 
centage of  power  at  the  present  time  generated  as  alternating  current? 
Name  some  secondary  reasons  for  generating  power  as  alternating  current. 

3.  How  does  the  weight  of  transmission  conductor  vary  with  the  trans- 
mission voltage?  Give  reasons  why  it  may  be  more  economical  to  generate 
power  in  large  quantities  and  transmit  it  over  expensive  transmission 
systems  rather  than  to  generate  it  at  the  point  of  use. 

4.  What  is  meant  by  a  sine  wave?  Do  commercial  alternators  as  a  rule 
generate  sine  waves?  Why  are  sine  waves  assumed  in  making  alternating- 
current  calculations? 

6.  Describe  a  graphical  method  of  producing  a  sine  wave.  Show  how 
such  a  wave  may  be  plotted  by  the  use  of  sine  tables. 

6.  Through  how  many  space-degrees  must  a  coil,  rotating  in  a  bipolar 
field,  turn  before  one  cycle  is  completed.  Under  these  conditions  what  is 
the  relation  of  the  space-degree  to  the  electrical  degree?  What  is  meant 
by  an  alternation? 

7.  In  a  four-pole  machine,  through  how  many  space-degrees  must  a 
coil  turn  before  a  cycle  is  completed?  Why?  In  this  case  what  is  the 
relation  between  electrical  and  space-degrees?  How  fast  in  r.p.s.  must 
such  a  coil  rotate  in  order  to  produce  a  frequency  of  60  cycles  per  second? 
In  r.p.m? 

8.  What  are  two  advantages  of  the  higher  frequencies  for  commercial 
generation  and  utilization?  Name  two  distinct  disadvantages  of  the 
higher  frequencies. 

9.  Why  is  60  cycles  per  second  usually  chosen  as  the  system  frequency 
when  a  power  company  supplies  both  lighting  and  power  loads?  Under 
what  conditions  is  25  cycles  used?  What  is  the  advantage  of  this  frequency 
over  60  cycles? 

10.  What  is  the  average  value  of  an  alternating-current  wave  over  one 
complete  cycle?  Upon  what  is  the  value  of  an  alternating-current  ampere 
based?     Define  an  alternating-current  ampere. 

11.  How  does  the  heating  effect  of  a  current  vary  with  the  current? 
How  does  the  squared  current  wave  compare  with  the  original  current  wave 
as  regards  frequency,  maximum  value,  and  its  axis  of  symmetry?  What  is 
the  ratio  of  the  maximum  to  the  effective  value  of  a  sine  wave?  What  is 
the  ratio  of  effective  to  average  for  a  half  cycle  and  what  is  this  ratio  called? 

12.  Compare  1  ohm  resistance  for  alternating  current  with  1  ohm  resis- 
tance for  direct  current.     How  is  an  alternating-current  volt  defined? 
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13.  Dt'fint'  ii  sciiliir  (luaatity;  a  vector  quantity.  How  are  vectors  repre- 
M'litnl?  How  art'  tht-y  lulded?  What  is  meant  by  the  parallelogram  of 
t(HiM^?  'Vhv  triiiiigU*  of  forct'«?  How  are  vectors  subtracted  from  one 
aiiuthi'i'? 

14.  Whiit  is  meant  hy  a  current  and  a  voltage  being  in  phase  with  each 
ntliir?  In  what  terms  is  phase  difiference  expressed?  A  certain  wave 
(■ro.^^es  the  zero  axis  in  u  positive  direction  to  the  right  of  another  wave. 
Is  the  first  wave  hi^giiiK  <>r  leading  the  other?     Explain. 

16.  If  two  eurrent  waves  are  plotted,  how  can  the  sum  of  the  currents 
l>e  (letermiM(Hl?     If  two  currents  are  in  phase  how  is  their  sum  found? 

16.  Is  the  sum  of  two  current  waves  necessarily  equal  to  their  algebraic 
sum?     Kxplain.     How  may  this  be  proved? 

17.  Kx[>hiin  how  a  sine  wave  is  produced  by  a  rotating  vector.  How 
is  the  value  of  the  wave  determined  at  any  instant?  What  is  the  rdation 
oi  the  speed  of  the  rotating  vector  to  the  circuit  frequency? 

18.  If  two  eurrent  waves  differ  in  phase  by  a  certain  angle,  what  is  the 
relation  exist inj<  l)etween  the  vectors  which  produce  these  waves?  Illus- 
trate with  sketches. 

19.  What  is  the  fundamental  method  of  adding  two  curr«its?  How  is 
the  resultant  current  determined? 

20.  What  relation  exists  between  the  resultant  wave  and  the  vector  som 
of  the  rotating  vectors?  Does  this  suggest  a  ready  method  of  adding 
alternating  currents  or  voltages?  Why  may  vectors  representing  effective 
values  be  used  as  well  as  vectors  representing  maximum  values? 

PROBLEMS  ON  CHAPTER  I 

1.  -<n  alternating  current  has  an  effective  value  of  28.3  amp.,  mAlring  its 
maximum  value  4Q  amp.  Draw  this  wave  to  scale  by  the  methcxi  of  Elg. 
2,  page  4  and  also  construct  this  wave  from  a  table  of  sines.  (See  page 
o.  ^     Indicate  the  effective  and  average  values  of  this  wave. 

2.  Find  the  instantaneous  values  of  the  current  in  problem  I  far  angles  of 
ao  ,  (U) ',  270'',  290^,  using  a  table  of  sines.  If  the  frequency  of  this  wave  is 
25  cycles  per  second,  to  what  values  of  time  do  the  above  angles  correspond 
assuming  that  the  time  is  zero  when  the  wave  crosses  the  axis  in  a  poative 
direction? 

3.  An  alternating  voltage,  following  a  sine  law,  has  a  maximum  value  of 
1 ');■)  volts  and  a  fretjuency  of  tK)  cycles  per  second.  What  is  the  value  of 
t  his  voltages  0.001,  0.004  and  0.01  sec.  after  crossing  the  zero  aids  in  a  poative 
direction? 

4.  A  OO-cycle  water- wheel  generator  has  a  speed  of  120  r.pjn.  How 
many  poles  hiis  this  generator?  How  many  electrical  space-degrees  corre- 
spond to  one  actual  space-degree? 

'  6.  What  is  the  speeii  in  r.p.m.  of  a  60-cycle»  10-pole,  turbo-driven  altera 
nator?  How  many  electrical  space-degrees  correspond  to  one  actual 
space-degree? 

6.  What  is  the  frequency  of  a  750  r.pjn.  four^pole  alternator?  Of  a 
500  r.p.m.  four-pole  alternator? 
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7.  What  IB  the  equation  of  a  110-volt,  60-cycle  voltage?  What  is  the 
instantaneous  value  of  this  voltage  when  the  time  is  0.002  sec.  ?    0.004  sec.  ? 

6.  Plot  the  squared  values  of  the  current  wave  of  problem  1,  using  a 
much  smaller  scale  for  the  squared  values,  (a)  What  is  the  frequency  of 
the  squared  wave  ?  (h)  What  distance  in  amperes  is  its  axis  above  the  original 
axis?  (c)  What  is  its  average  value?  (d)  What  is  the  square  root  of  this 
average  value?  (e)  What  relation  exists  between  (d)  and  the  maximum 
value?   ^  ^^  ^.     , 

^  9.  A^«Blnn  current  has  an  effective  value  of  20  amp.  What  is  its  maxi- 
mum value?  What  direct  current  will  produce  the  same  heating  in  a  given 
ohmic  resistance. 

^  10.  A  certain  direct-current  series-arc  system  is  not  guaranteed  to  oper^ 
ate  safely  at  any  voltage  in  excess  of  10,000  volts  between  wires.  This 
system  is  later  supphed  with  alternating  current  by  a  constant-current 
transformer.  What  is  the  effective  value  of  the  highest  alternating  elee- 
tromotive  force  that  can  be  safely  used? 

11.  Sketch  a  current  and  a  voltage  wave  having  effective  values  of  12 
amp.  and  120  volts  respectively  and  in  which  the  current  lags  the  voltage 
by  45°.  If  the  voltage  wave  is  passing  through  zero  in  a  positive  direction 
at  1:00  o'clock  at  what  time  will  the  current  wave  be  going  through  its 
corresponding  phase  ?  The  frequency  is  60  cycles  per  second. 
^  12.  Plot  two  waves  corresponding  to  currents  having  effective  values  of 
20  and  30  amp.  respectively,  these  two  currents  differing  in  phase  by  90**, 
the  30  amp.  current  lagging.  Add  the  ordinates  of  these  two  waves  point 
by  point  and  plot  the  resulting  wave,  (a)  What  is  its  maximum  value? 
(6)  What  is  its  effective  value?  (c)  What  result  is  obtained  by  adding 
two  current  vectors  of  20  and  30  amp.  laid  off  at  right  angles?  (d)  What 
is  the  angle  between  the  resultant  wave  and  the  20-amp.  wave? 

13.  Repeat  problem  12  when  the  two  waves  differ  in  phase  by  60°. 

14.  Two  generator  coils  generate  200  volts  and  400  volts  respectively. 
These  two  voltages  differ  in  phase  by  120°,  the  200  volts  leading.  If  con- 
nected in  series,  what  is  the  voltage  across  their  open  ends  ? 

15.  If  the  400-volt  coil  is  reversed  the  two  voltages  now  differ  in  phase  by 
60°.     Und  the  resultant  voltage. 

16.  If  both  coils,  problem  14,  generate  200  volts,  find  the  resultant 
voltage. 

17.  Repeat  problem  16  except  that  one  of  the  voltage  coils  is  reversed, 
making  the  two  voltages  differ  in  phase  by  60°. 

QUESnOlTS  ON  CHAPTER  n 

1.  How  may  the  pow;er  in  an  alternating-current  circuit  be  determined 
at  any  instant?  What  is  the  general  character  of  the  power  curv«  when  the 
voltage  and  the  current  are  in  phase?  (Illustrate  by  sketch.)  What  is 
the  maximum  value  of  this  curve  in  watts?     The  average  value? 

2.  In  what  way  does  the  power  curve  for  a  circuit  in  which  the  current 
lags  90°  behind  the  voltage  differ  from  that  in  which  the  current  is  in  phase 
with  the  voltage?    What  is  the  average  power  in  such  a  circuit? 
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8.  What  is  the  average  power  of  a  circuit  in  which  the  current  leads  the 
voltage  by  90**? 

4.  When  the  current  and  the  voltage  differ  in  phase  by  an  angle  which 
is  less  than  90°  but  greater  than  zero,  what  is  the  general  character  of  the 
power  curve?  Make  a  sketch.  What  is  meant  by  power-factorf  What  is 
power-factor  equal  to,  numerically? 

5.  When  an  alternating  voltage  is  impressed  across  a  resistance,  what 
phase  relation  exists  between  this  voltage  and  the  resulting  current?  How 
may  the  value  of  the  current  be  calculated,  knowing  the  voltage  and  the 
resistance? 

6.  What  is  the  effect  of  inductance  on  the  building  up  of  a  current  in  a 
circuit  across  which  a  steady  direct-current  voltage  is  impressed?  What 
occurs  when  the  current  attemps  to  die  out  in  an  inductive  circuit? 

7.  State  how  the  current  may  be  prevented  from  reaching  its  Ohm's 
law  value  in  an  inductive  circuit. 

8.  What  effect  does  inductance  in  an  alternating-current  circuit  have 
upon;  (a)  the  phase  angle  between  the  current  and  the  voltage;  (&)  the 
magnitude  of  the  current?  What  is  the  effect  of  frequency  upon  the 
magnitude  of  the  current?    What  is  "inductive  reactance?" 

9.  What  in  general  is  the  effect  of  capacitance  upon  the  flow  of  current 
in  any  electric  circuit?  How  does  capacitance  affect  (a)  the  phase  angle 
between  the  current  and  the  voltage  in  an  alternating-current  circuit; 
(6)  the  magnitude  of  the  current? 

10.  What  is  the  effect  of  frequency  upon  the  magnitude  of  the  current 
in  a  condensive  circuit?  What  is  condensive  reactance?  What  is  the  value 
of  the  average  power  taken  by  a  perfect  condenser? 

11.  What  is  the  phase  relation  existing  between  the  current  and  the 
voltage  across  the  resistance  in  a  circuit  containing  resistance  and  inductance 
in  series?  Between  the  current  and  the  voltage  across  the  inductance? 
How  is  the  line  voltage  obtained? 

12.  What  is  meant  by  impedance?  How  may  the  angle  between  the 
line  voltage  and.  the  current  be  determined?  What  relation  does  this 
angle  bear  to  the  power  in  the  circuit? 

18.  What  is  the  phase  relation  existing  between  the  current  and  the 
voltage  across  the  resistance  in  a  circuit  containing  resistance  and  capaci- 
tance in  series?  Between  the  current  and  the  voltage  across  the  capaci- 
tance? What  phase  relation  exists  between  the  line  voltage  and  the 
current? 

14.  Sketch  the  vector  diagram  of  a  circuit  containing  resistance,  inductance 
and  capacitance  aU  in  series.     How  may  the  circuit  phase-angle  be  found? 

15.  What  is  meant  by  "resonance"  in  an  alternating-current  circuit? 
What  phase  relation  exists  between  the  line  voltage  and  the  line  current? 
What  is  the  numerical  relation  existing  between  the  inductive  voltage  and 
the  condensive  voltage?  Show  that  with  both  inductance  and  capacitance 
in  a  series  circuit,  the  voltage  across  each  can  be  several  times  the  line  voltage. 

16.  In  practice,  why  is  parallel  grouping  of  resistances,    inductances. 
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etc.,  more  common  than  series  grouping.  How  may  the  resultant  of  several 
currents  be  found?  In  what  way  does  parallel  resonance  differ  from  series 
resonance  especially  with  regard  to  the  value  of  the  current?  In  what 
way  are  the  two  similar? 

17.  Explain  why  the  alternating-current  resistance  of  an  iron-cored 
impedance  coil  differs  from  the  direct-current  resistance.  How  may  this 
resistance  be  taken  into  consideration  when  the  impedance  coil  is  connected 
in  circuit  with  resistance,  etc? 

18.  How  may  the  phase  relations  existing  in  a  series  circuit  having  two 
component  voltages  be  determined  when  the  voltages  across  the  various 
parts  of  the  circuit  are  known?  Make  a  sketch.  How  may  the  power  and 
the  power-factor  of  all  parts  of  the  circuit  be  determined? 

19.  Explain  why  a  circuit  in  which  the  line  voltage  and  three  component 
voltages  are  all  known  in  magnitude  only,  cannot  be  determined  unless  one 
more  factor  be  known.  What  additional  information  makes  the  circuit 
relations  determinable. 

20.  In  what  way  is  the  polygon  of  currents  similar  to  the  polygon  of 
voltages?     In  what  way  do  the  two  polygons  differ? 

21.  What  is  meant  by  energy  current?  What  relation  does  it  bear  to  the 
power?  What  is  quadrature  current  and  what  relation  does  it  bear  to 
the  power?     Why  is  quadrature  current  usually  undesirable? 

PROBLEMS  ON    CHAPTER  H 

18.  A  certain  lamp  load  consists  of  50  60-watt  lamps,  each  lamp  having 
a  resistance  of  220  ohms.  Compare  the  power  taken  by  this  load  when 
connected  across  113  volts  direct  current  and  across  113  volts  alternating 
current. 

19.  A  certain  transformer  takes  30  kw.  at  2,200  volts  and  the  current  is 
15  amp.     What  is  the  power-factor  of  this  load? 

20.  A  single-phase  motor  takes  4.68  kv-a.  (kilovolt-amperes)  at  220 
volts  and  at  a  power-factor  of  0.80.  How  much  power  and  how  much 
current  does  it  take  from  the  line? 

21.  A  non-inductive  resistance  of  12  ohms  is  connected  across  120-volt 
alternating-current  mains.     What  current  and  what  power  does  it  take? 

22.  Determine  the  current  taken  by  a  coil  having  0.3  henry  inductance, 
when  connected  across  115-volt  60-cycle  mains;  115-volt  25-cycle  mains. 

23.  A  coil  whose  resistance  is  negligible  but  which  has  an  inductance  of 
0.2  henry  is  connected  across  110- volt  25-cycle  mains,  (a)  What  current 
flows?     (6)  For  what  value  of  frequency  will  the  current  be  2  amp.? 

24.  A  condenser  whose  capacitance  is  12  m.f.  is  connected  across  220- 
volt  60-cycle  mains,  (a)  What  current  does  it  take?  (6)  What  would  be 
the  current  if  the  frequency  were  133  cycles  per  second? 

25.  It  is  desired  to  obtain  16  amp.  leading  current  by  the  use  of  a  condenser 
connected  across  220- volt  60-cycle  mains. 

(a)  How  many  m.f.  are  necessary?  (6)  What  is  the  kv-a.  capacity  of 
this  condenser?     (c)  Wbftt  Y^QUld  the  kv-^.  capacity  of  the  condenser, 
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found  in (  a),  be  at  440  volts?     (d)  How  does  the  kv-a.  capacity  of  a  con- 
denser vary  with  the  voltage? 

26.  A  certain  condenser  when  connected  across  115-volt  25-cycle  alter- 
nating-current mains  takes  8  amp.  What  current  does  it  take  if  the  frequency 
and  capacitance  are  both  doubled? 

27.  Repeat  problem  26  for  an  inductance  taking  8  amp.  under  the  same 
conditions. 

28.  In  a  circuit  having  an  inductive  reactance  of  8  ohms  and  an  ohmio 
resistance  of  6  ohms,  12  amp.  flow,  (a)  What  is  the  voltage  across  the 
resistance?  (&)  Across  the  reactance?  (c)  What  is  the  circuit  volta^? 
(d)  How  much  power  does  the  circuit  take  and  what  is  its  power-factor? 
{e)  What  is  the  phase  angle  between  the  circuit  voltage  and  the  current? 

29.  What  is  the  power-factor  of  a  circuit  which  has  a  resistance  oi  3  ohms 
and  a  reactance  of  4  ohms?  What  current  flows  if  the  voltage  is  60  volts 
and  how  much  power  does  the  circuit  consume? 

30.  Repeat  problem  29  making  the  inductive  reactance  twice  the  value 
given. 

31.  What  current  flows  in  a  circuit  consisting  of  a  40  m.f.  condenser  and 
30  ohms  resistance  in  series  if  connected  across  120-volt  60-cycle  mains? 
What  is  the  voltage  across  the  resistance?  The  condenser?  What  power 
does  the  circuit  take  and  what  is  its  power-factor? 

32.  Repeat  problem  31  substituting  a  50  m.f.  condenser  for  the  40  m.f. 
condenser. 

33.  A  series  circuit  consisting  of  10  ohms  resistance,  15  ohms  inductive 
reactance,  and  20  ohms  condensive  reactance  is  connected  across  220-volt 
60-cycle  mains.  Find  (a)  the  current.  (6)  The  voltage  across  each  circuit 
member,  (c)  The  power  taken  by  the  circuit,  {d)  The  power-factor  and 
power-factor  angle  of  the  circuit.  Draw  a  vector  diagram  of  the  circuit 
to  scale. 

34.  A  potential  difference  of  220  volts  at  60  cycles  is  impressed  across  a 
circuit  having  50  ohms  resistance,  15  m.f.  capacitance  and  0.2  henry  induc- 
tance all  in  series,  (a)  What  current  flows?  (6)  What  is  the  voltage 
across  the  resistance,  the  inductance  and  the  capacitance?  (c)  What  power 
does  the  circuit  consume?  {d)  What  is  its  power-factor  and  power-factor 
angle?     Draw  a  vector  diagram  of  this  circuit  to  scale. 

36.  A  resistance  of  10  ohms,  an  inductance  of  0.1  henry  and  a  40  m.f. 
condenser  are  connected  in  series  across  220»volt  60-cycle  mains,  (a)  What 
current  flows?  (6)  What  power  is  taken  from  the  hne?  (c)  What  is  the 
voltage  across  the  resistance,  the  inductance  and  the  capacitance?  {d) 
What  is  the  circuit  power-factor  and  power-factor  angle?  Draw  a  vector 
diagram. 

36.  If  the  inductance  of  problem  35  were  adjustable,  for  what  value  would 
the  current  be  a  maximum?  Find  the  current,  the  power,  the  power-factor 
and  the  voltages  under  these  conditions. 

37.  A  circuit  contains  a  resistance  of  10  ohms  and  an  inductance  of  0.352 
henry  and  a  variable  condenser  aU  in  series.     If  the  frequency  is  60  cycleo. 
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for  what  value  of  the  capacitance  will  the  current  be  a  maximum?  If  the 
line  voltage  is  20  volts,  what  are  the  current,  power,  power-factor  and  the 
various  voltages? 

38.  A  resistance  of  10  ohms,  a  50  m.f.  condenser  and  an  inductance  of 
0.05  henry  are  connected  in  parallel  across  100-volt  60-cycle  mains.  What 
current  does  each  take  and  what  is  the  total  hne  current? 

39.  An  inductance  having  negUgible  resistance  and  a  condenser  are 
connected  in  parallel  across  25-cycle  mains.  Each  takes  2  amp.  (a)  How 
much  current  does  the  line  supply?  (6)  If  the  frequency  is  doubled,  how 
much  current  does  the  line  supply? 

40.  A  non-inductive  resistance  and  an  impedance  coil  are  connected  in 
series  across  120-volt  60-cycle  mains.  The  voltage  across  the  resistance 
is  found  to  be  90  volts  and  that  across  the  impedance  60  volts.  If  the  cur- 
rent is  5  amp.,  determine:  (a)  the  circuit  power;  (6)  the  circuit  power-factor; 

(c)  the  impedance  power-factor;  (d)  the  inductance  of  the  impedance  coil. 

41.  To  measure  the  power  consumed  by  a  115-volt  single-phase  induction 
motor,  it  is  connected  in  series  with  a  non-inductive  resistance  across  220- 
volt  mains.  When  the  motor  takes  20  amp.  the  resistance  is  so  adjusted 
that  the  voltage  across  the  motor  terminals  is  115  volts  and  that  across 
the  resistance  is  127  volts.  What  power  is  the  motor  taking  and  what  is  the 
power-factor  of  the  motor  and  of  the  system  ? 

42.  A  series  alternating-current  circuit  consisting  of  a  resistance,  an 
impedance  coil  and  a  condenser  having  negUgible  leakage  takes  420  watts  at 
115  volts,  60  cycles  and  5  amp.  lagging  current.  The  voltage  across  the 
resistance  is  75  volts  and  that  across  the  capacitance  is  90  volts.  Find 
(a)  the  power  consumed  in  the  resistance.  (6)  The  power  consumed  in  the 
impedance  coil,  (c)  The  voltage  across  the  impedance  coil,  (d)  The  capaci- 
tance of  the  condenser  in  m.f.  (e)  The  inductance  of  the  impedance  coil 
in  henrys. 

43.  A  series  circuit  consisting  of  a  resistance  of  10  ohms,  an  inductance 
coil  (resistance  negligible)  and  an  unknown  condenser  all  in  series  is  con- 
nected across  220-volt  60-cycle  mains.  When  10  amp.  leading  current 
flow  in  the  circuit  the  combined  voltage  across  the  capacitance  and  induc- 
tance when  added  numerically  is  250  volts.  What  is  the  value  of  the 
unknown  capacitance? 

44.  A  non-inductive  resistance  and  an  impedance  coil  are  connected  in 
parallel  across  110-volt  60-cycle  mains.  When  the  impedance  and  resis- 
tance each  take  20  amp.  the  line  current  is  32  amp.  What  power  is  the 
impedance  taking?     The  circuit?    What  is  the  power-factor  of  each? 

46.  A  non-inductive  resistance,  an  impedance  and  a  condenser  having 
negUgible  power  loss  are  all  connected  in  parallel  across  110-volt  60-cycle 
mains.  The  resistance  takes  12  amp.,  the  condenser  10  amp.,  the  impedance 
13  amp.  and  the  Une  suppUes  15  amp.  to  these  three.  Find  (a)  the  circuit 
power;  (b)  the  circuit  power-factor;  (c)  the  power  taken  by  the  impedance; 

(d)  the  impedance  power-factor. 

46.  A  certain  load  takes  2  kw.  at  220  volts  60  cycles  and  at  a  power-factor 
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of  0.707,  lagging.  How  much  energy  and  how  much  quadrature  current 
does  this  load  take?  If  this  load  is  supplied  over  a  line  each  wire  of  which 
has  one  ohm  resistance,  what  is  (a)  The  total  line  loss?  (h)  The  line  loss 
due  to  the  energy  current?     (c)  The  line  loss  due  to  the  quadrature  current? 

47.  In  problem  46  how  large  a  condenser  would  be  necessary  in  order  to 
make  the  power-factor  of  the  load  unity?  What  is  the  line  loss  under  these 
conditions? 

48.  A  certain  transmission  line  delivers  30  kw.  at  2,300  volts  and  the 
powofactor  of  the  load  is  0.80.  The  line  loss  is  5  kw.  (a)  What  current 
flows  over  the  line?  (6)  How  much  is  quadrature  current?  (c)  How  much 
is  energy  current?  (d)  What  is  the  line  loss  due  to  energy  current  and 
what  is  that  due  to  quadrature  current? 

QUESTIONS  ON  CHAPTER  m 

1.  Describe  the  principle  of  the  Siemens  Electro-dynamometer.  How 
are  its  coils  connected  and  what  is  the  relation  existing  between  the  turning 
moment  and  the  current?  What  are  the  disadvantages  of  this  type  of 
instrument? 

2.  In  what  way  is  the  indicating  electro-dynamometer  similar  to  the 
Si^nens  dynamometer?    In  what  ways  do  the  two  instruments  differ? 

8.  Explain  how  the  electro-dynamometer  principle  may  be  applied  to  a 
voltmeter.  What  is  the  general  character  of  the  scale  divisions?  Compare 
its  current  with  that  taken  by  a  direct-current  instrument  of  the  same  range. 
Discuss  the  accuracy  of  such  an  instrument  when  used  with  direct  current. 

4.  Describe  the  inclined-coil  voltmeter,  giving  the  principle  upon  which 
it  operates. 

6.  What  difliculty  arises  when  attempt  is  made  to  apply  the  dyna- 
mometer principle  to  the  alternating-current  ammeter? 

6.  Describe  the  construction  of  a  wattmeter  and  give  the  principle  of 
its  operation.  Show  how  it  is  connected  to  a  circuit.  Give  the  best  method 
of  connecting  the  potential-circuit,  especially  when  the  instrument  is  used 
in  connection  with  considerable  voltage. 

7.  Show  two  possible  methods  of  connecting  a  wattmeter  in  circuit. 
Discuss  the  corrections  that  should  be  made  in  each  case,  if  the  exact  value 
of  the  power  is  desired.  What  compensation  for  these  errors  can  be  made 
in  the  construction  of  the  instrument? 

8.  What  precautions  should  be  taken  against  over-loading  a  wattmeter? 
How  are  wattmeters  rated  and  why? 

9.  Give  the  advantages  of  a  polyphase  wattmeter  over  single-phase 
instruments.    How  is  the  polyphase  wattmeter  constructed? 

10.  How  are  wattmeters  calibrated?     Give  a  diagram  of  connections. 

11.  Describe  how  the  Weston  iron-vane  type  of  voltmeter  utilizes  the 
principle  of  magnetized  iron.  Upon  what  fundamental  electrical  principle 
does  this  instrument  operate?    How  is  the  instrument  damped? 

12.  Show  how  the  iron-vane  principle  has  been  adapted  to  an  inclined- 
coil  instrument.     What  two  methods  are  used  to  damp  this  instrument? 
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18.  What  change  should  be  made  in  the  construction  of  the  above  two 
types  of  iron- vane  voltmeters  in  order  that  they  may  be  used  as  ammeters? 
What  are  the  Umitations  of  iron-vane  instruments  for  direct-current 
measurements  ? 

14.  Discuss  the  use  of  direct-current  watthour  meters  upon  alternating- 
current  circuits. 

16.  Describe  the  construction  of  the  induction  watthour  meter.  What 
should  be  the  phase  relation  existing  between  the  potential-coil  flux  and  the 
circuit  voltage?     How  is  this  phase  relation  obtained? 

16.  How  is  friction  compensation  effected?  Discuss  this  principle  very 
carefully. 

17.  Show  by  simple  sketches  how  the  driving  torque  is  developed.  Why 
does  the  disc  tend  to  rotate  in  the  direction  of  the  shding  field? 

18.  How  is  the  induction  watthour  meter  caUbrated  ?  What  adjustments, 
not  used  for  the  direct-current  type,  are  necessary?  What  are  the  ad- 
vantages of  this  type  of  meter  over  the  direct-current  type? 

19.  Describe  one  common  type  of  frequency  meter.  Upon  what  principle 
does  it  operate?     Why  are  the  vibrating  reeds  kept  polarized? 

20.  Describe  the  Tuma  phase  meter.  How  is  this  instrument  adapted 
for  power-factor  measurements?  What  control  is  exerted  on  the  moving 
system?  Why  are  the  coils  of  the  moving  system  not  exactly  90**  apart? 
What  modifications  of  the  instrument  are  necessary  in  order  that  it  may  be 
used  on  three-phase  circuits? 

21.  For  what  purposes  are  synchroscopes  used?  Describe  the  construc- 
tion of  some  one  type.     In  what  way  is  it  related  to  the  phase  meter? 

22.  What  are  the  commercial  uses  of  the  oscillograph.  What  is  its  prin- 
ciple of  operation?  In  what  way  does  the  moving  element  differ  from  that 
of  the  ordinary  galvanometer?  How  are  the  time  abscissas  obtained? 
Why  is  it  desirable  to  immerse  the  moving  element  in  oil? 

23.  Sketch  the  general  arrangements  of  the  laboratory  type  giving  the 
relative  positions  of  the  lamp,  prisms,  vibrators,  lenses,  rotating  mirrors, 
film  drum,  etc. 

24.  Make  a  diagram  of  connections  showing  how  the  voltage  vibrator 
and  the  current  vibrator  are  connected  in  circuit. 


QUESTIONS  ON  CHAPTER  IV 

1.  Give  three  reasons  why  three-phase  power  supply  is  superior  to  single- 
phase  supply. 

2.  Why  is  it  desirable  at  times  to  use  symbolic  notation  in  the  solution  of 
problems?  Why  is  this  system  particularly  applicable  to  polyphase 
systems? 

State  briefly  the  principles  upon  which  one  such  system  is  based. 

3.  Describe  an  elementary  three-phase  generator.  What  relations  exist 
among  the  three  voltages  of  such  a  generator?  How  may  three  independent 
single-phase  systems  be  obtained  from  such  a  generator? 
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4.  What  is  meant  by  Y-connection?  How  many  wires  are  necessary? 
What  iH  the  numerical  relation  and  the  phase  relation  of  the  line  voltage  to 
the  coil  voltage  in  this  system  ?  The  line  current  to  the  coil  current?  What 
relation  exists  among  the  three-coil  currents  if  there  is  no  neutral  wire? 

6.  At  unity  power-factor  what  is  the  total  power  generated  in  a  Y-con- 
nected  generator  in  terms  of  coil  volts  and  coil  current?  If  the  power-factor 
is  oth(ir  than  unity?  What  is  the  line  power  in  terms  of  line  current,  line 
voltage  and  power-factor? 

6.  Why  is  th(i  line  power-factor  the  cosine  of  the  coil  power-factor  angle? 
What  significanco  has  power-factor  in  an  unbalanced  system? 

7.  Why  is  the  delta-connection  not  a  short-circuit  for  the  three  coil 
voltages?  What  is  the  numerical  relation  and  the  phase  relation  which 
exists  l)etwoen  the  coil  current  and  the  line  current? 

8.  What  is  the  total  power  produced  by  a  delta-connection  equal  to  in 
terms  of  coil  voltage,  coil  current  and  coil  power-factor?  In  terms  of  line 
voltage,  lino*current  and  coil  power-factor? 

9.  Hketch  the  connection  of  the  three- wattmeter  method  of  measuring 
power,  (o)  When  the  neutral  of  the  system  is  accessible.  (6)  When  the 
neutral  is  not  accessible.  To  what  is  the  total  power  equal  in  terms  of  the 
wattmeter  readings? 

10.  Illustrate  the  principle  of  the  Y-box  and  state  the  conditions  under 
which  it  can  bo  used. 

11.  Sketch  the  connections  of  the  two-wattmeter  method  of  measuring 
power.  Under  what  conditions  do  the  wattmeters  read  the  same? 
Different? 

12.  Under  what  conditions  does  one  wattmeter  reverse?  Give  two 
methods  of  obtaining  power-factor  from  the  two-wattmeter  readings  alone. 
Under  what  conditions  can  the  two-wattmeter  method  not  be  used  to 
measure  power  in  a  three-phase  system? 

13.  What  phase  relations  exist  between  the  voltages  of  a  two-phase 
system  ?  Show  the  connections  of  four  different  types  of  two-phase  system. 
What  relations  exist  among  all  voltages  in  each  of  these  systems? 

14.  Sketch  two  methods  of  connecting  the  coils  of  a  two-phase  generator. 
What  relation  exists  between  the  coil  voltage  and  the  line  voltage  in  each 
of  the  two  systems?     Between  coil  current  and  Une  current? 

PROBLEMS  ON  CHAPTER  IV 

j*lJ>  49.  A  certain  three-phase  Y-connected  alternator  is  rated  at  500  kv-a. 
2,.S(K)  volts,  at  unity  }K)wer-f actor.  What  is  its  current  rating  per  terminal? 
What  is  the  rated  coil  current  and  coil  voltage? 

60.  What  is  the  current  and  voltage  rating  of  the  machine  in  problem 
40  if  it  is  changed  over  to  a  delta-connection? 

61.  A  Y-connectod  alternator  delivers  a  balanced  three-phase  load  of 
50  amp.  at  230  volts  and  0.8  power-factor  to  a  delta-connected  motor.  Find 
the  current  and  voltage  per  coil  in  both  the  generator  and  the  motor.  What 
power  is  involved? 


QUESTIONS  AND  PROBLEMS 
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62.  Three  resistances  of  70  ohms  each  are  connected  in  Y  across  a  3-phase 
230-volt  supply.  How  much  current  does  each  take  and  what  is  the  total 
power  taken  by  the  three? 

63.  If  the  three  resistances  of  problem  52  are  connected  in  delta,  how 
much  current  does  each  take  and  what  is  the  Hne  current?  Determine  the 
total  power  and  compare  it  with  that  obtained  in  problem  52. 

54.  Three  condensers  each  have  a  capacitance  of  40  mf.  Compare  the 
kv-a.  that  they  take  when  connected  in  Y  and  then  in  delta  across  the  230- 
volt,  three-phase,  60-cycle  mains. 

55.  A  certain  three-phase  induction  motor  takes  30  kw.  at  650  volts. 
The  line  current  is  40  amp.     What  is  the  power-factor  of  this  motor? 
What  is  the  angle  between  the  coil  current  and  the  coil  voltage? 

66.  The  electromotive  forces  generated  in  two  alternator  coils  differ  120° 
in  phase.  When  the  end  of  one  coil  is  connected  to  an  end  of  the  other,  the 
voltage  across  their  oj)en  ends  is  190  volts.  If  the  voltage  of  each  coil  is 
190  volts,  what  will  be  the  voltage  across  their  open  ends  if  one  coil  is 
reversed? 


Alternator 


Load 


Fig.  63A. 


67.  In  the  test  of  a  230-volt,  3-phase  induction  motor  the  two-wattmeter 
method  of  measuring  power  is  employed.  One  wattmeter  reads  -h  4,350 
watts  and  the  other  reads  +  2,200  watts,  (a)  What  is  the  motor  power- 
factor  at  this  load?  (6)  What  is  the  line  current?  (c)  What  is  the  coil 
phase  angle? 

68.  At  light  load  on  the  motor  of  problem  67,  the  first  wattmeter  reads 
1,820  watts  and  the  second  —450  watts,  (o)  What  m  the  motor  power- 
factor  and  the  line  current  at  this  load?     (b)  What  is  the  eoil  phase-angle? 

69.  Each  of  the  two  coils  of  an  alternator  generates  2,300  volts  and 
these  voltages  differ  in  phase  by  90**.  If  these  two  coils  are  connected  to- 
gether at  their  center  points  and  this  connection  brought  out  with  the  j^thers, 
indicate  all  the  voltages  that  can  be  obtained.    ^  ^ 

60.  (a)  If  the  two  coils  of  problem  59  are  connected  together  at  one  «»d, 
what  is  the  voltage  across  the  open  ends?  (b)  If  the  current  per  coil  is 
70  amp.,  what  will  be  the  current  in  each  of  the  three  wires  leading  from  the 
machine?  (c)  How  much  power  does  the  generator  deliver,  Mtnjming^  unit/ 
power-factor? 


V 

/  (■ 

J 


478  ALTERNATING  CURRENTS 

61.  A  two-phase  generator  rated  at  1,500  kv-a.,  2,300  volts,  60  cycles, 
has  two  coils.  What  is  the  current  rating  per  coil?  If  this  machine 
supplies  a  five- wire  system  show  how  the  wattmeters  would  be  connected 
in  order  to  measure  its  output. 

62.  Each  of  the  coils  of  the  alternator  of  problem  61  consists  of  two  sepa- 
rate sections  connected  in  series.  The  machine  may  be  then  connected 
in  mesh.  Determine  its  voltage  and  current  per  terminal  under  these 
conditions. 

63.  A  two-phase  four-wire  system  has  a  potential  difference  of  115  volts 
between  adjacent  wires  giving  163  volts,  across  diametrically  opposite 
wires.  Four  resistances  of  10  ohms  each  are  connected  between  adjacent 
wires,  as  shown  in  Fig.  63(A).  Determine  the  total  power  and  the  current 
flowing  in  each  line. 

64.  How  much  current  and  how  much  power  is  supplied  by  the  two  altera 
nator  coils  to  the  load  in  problem  63? 

QUESTIONS  ON  CHAPTER  V 

1.  Why  can  a  rotating  field  and  a  stationary  armature  be  used  for  alter- 
nators where  they  cannot  be  conveniently  used  for  direct-current  machines? 
Give  two  reasons  why  it  is  advantageous  for  alternators  to  be  of  the  ro- 
tating-field  type. 

2.  What  two  conditions  must  a  coil  of  an  alternator  armature  winding 
fulfill?  Compare  the  wave  and  the  lap  winding  of  alternators  with  these 
same  types  of  winding  in  direct-current  machines. 

3.  Illustrate  by  a  simple  sketch  the  difference  between  a  half-coil  and  a 
whole-coil  winding.  What  is  the  difference  between  a  single-and  a  two- 
layer  winding?     What  are  the  objections  to  using  one  slot  per  pole? 

4.  In  what  way  does  the  spiral  winding  differ  from  the  lap  and  wave 
windings  (barrel  type)  as  regards  mechanical  disposition  of  the  coils? 
Why  is  the  interior  coil  usually  omitted?  WTiat  is  meant  by  "single 
range"? 

6.  Show  that  a  two-phase  winding  is  an  extended  application  of  the  single- 
phase  winding.  How  may  the  chain  winding  be  adapted  to  two-phase? 
Why  is  the  two-range  feature  necessary?  State  the  advantages  and  the 
disadvantages  of  this  type  of  winding. 

6.  State  the  advantages  of  the  lap  winding.  In  the  full-pitch  lap  winding 
what  relation  exists  between  the  coil  sides  in  any  one  slot? 

7.  Show  that  a  three-phase  winding  consists  of  three  single-phase  windings 
properly  spaced. 

8  Under  what  conditions  are  coils  of  special  shape  required  in  three- 
phase,  two-range,  chain  windings? 

9.  State  the  advantages  and  disadvantages  of  fractional-pitch  windings. 

10.  Compare  the  types  of  stampings  required  for  machines  of  large  and 
machines  of  small  diameter.  Why  are  there  perforations  back  of  the  slots 
in  the  stampings  used  for  the  larger  machines? 

11.  How  are  the  armature  laminations  held  in  position  in  engine-driven 
generators?     Why  is  the  frame  usually  of  the  hollow-box  type? 
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12.  Why  is  it  necessary  to  brace  very  strongly  the  coil  ends  in  alternators 
of  large  capacity? 

13.  Sketch  the  shape  of  two  common  types  of  alternator  slot.  State  the 
advantages  and  disadvantages  of  each  type. 

14.  Show  that  with  large  units,  even  when  operating  at  very  high  eflficiency, 
the  amount  of  energy  to  be  dissipated  per  minute  is  very  large.  What 
method  is  used  to  carry  the  resulting  heat  away  from  the  machine? 

16.  Into  how  many  classes  are  the  rotating-field  structures  of  alternators 
divided?  Give  reasons  why  different  designs  of  field  structure  are  neces- 
sary. What  is  the  general  construction  of  the  field  cores  in  all  types  of 
saUent-pole  alternators?     How  are  these  field  cores  held  in  position? 

16.  Describe  the  field  spiders  for  (a)  very  slow-sp)eed  machines  of  large 
capacity;  (6)  moderately  high-speed  water-wheel  generators.  Why  is  it 
not  possible  to  use  sahent  poles  in  high-speed  turbo-alternators? 

17.  Describe  the  construction  of  (a)  the  parallel-slot  type  of  rotor; 
(6)  the  radial-slot  type  of  rotor.  Why  must  the  end-flanges  be  of  non- 
magnetic material?    Under  what  conditions  are  these  types  of  rotor  used? 

18.  Describe  the  method  of  conducting  the  field  current  into  the  field 
winding.  What  different  methods  are  used  for  supplying  excitation? 
What  precautions  are  often  taken  to  insure  continuity  of  excitation? 

19.  Derive  from  a  fundamental  relation  the  equation  of  the  induced 
electromotive  force  in  an  alternator.  What  is  meant  by  "breadth  factor" 
and  "pitch  factor"? 

20.  What  relation  exists  between  the  flux  distribution  and  the  shape  of 
the  electromotive  force  wave  per  conductor?  How  may  the  shape  of  the 
actual  electromotive  force  wave  of  a  generator  be  made  nearly  sinusoidal 
even  though  the  electromotive  force  wave  in  the  individual  conductors 
differs  considerably  from  a  sine  wave? 

21.  Sketch  the  flux  distribution  curve  for  a  distributed  field  winding. 
Explain  why  such  machines  usually  have  a  better  wave  shape  than  machines 
of  the  salient-pole  type. 

22.  State  the  procedure  in  phasing  out  the  coils  of  a  three-phase  alter- 
nator so  that  they  may  be  Y-connected. 

23.  Rej)eat  for  a  machine  which  is  to  be  delta-connected. 

24.  Upon  what  factors  does  the  rating  of  an  alternator  depend?  Why 
is  a  kilo  volt-ampere  rating  more  rational  than  a  kilowatt  rating?  Upon 
which  rating  does  the  rating  of  the  prime  mover  depend? 

PROBLEMS  ON  CHAPTER  V 

66.  Draw  a  single-phase,  full-pitch,  four-pole  lap  winding  in  which 
there  are  four  slots  per  pole  and  the  winding  and  slots  occupy  only  60  per 
cent,  of  the  armature  periphery. 

66.  Repeat  problem  65  for  a  wave  winding. 

67.  Draw  a  single-phase,  single-range,  spiral  winding  for  an  armature 
having  eight  slots  per  pole,  the  winding  occupying  but  six  of  these  slots. 

68.  Draw  a  two-phase,  chain  winding  for  a  six-pole  alternator  having  12 
slots  per  pole,  utilizing  all  the  slots. 
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2.  Show  by  a  simple  sketch  that  the  inductors  of  an  alternator  armature 
have  inductance.  Compare  the  relative  inductances,  other  conditions 
being  equal,  of  (o)  a  smooth-core  armature;  (6)  an  iron-clad  armature  in 
which  the  slots  are  deep  and  narrow;  (c)  an  iron-clad  armature  of  the  same 
number  of  slots  but  in  which  the  slots  are  shallow  and  broad;  (d)  an  iron- 
clad armature  having  semi-closed  slots. 

3.  What  is  the  effect  of  the  number  of  conductors  per  slot  upon  the  arma- 
ture inductance?  How  does  the  reactance  of  a  25-cycle  armature  compare 
with  that  of  a  GO^jycle  armature,  other  conditions  being  equal? 

4.  Give  two  reasons  why  the  resistance  of  an  alternator  armature  to 
alternating  current  is  greater  than  its  resistance  to  direct  current.  What 
is  the  order  of  magnitude  of  this  increased  resistance?  How  may  this 
effective  resistance  be  determined? 

6.  What  is  the  effect  of  the  current  in  an  alternator  coil  upon  the  main 
field,  (o)  When  the  current  is  in  phase  with  the  induced  electromotive 
force?  (b)  When  the  armature  current  lags  the  induced  electromotive 
force  by  90°?  (c)  When  the  current  leads  the  induced  electromotive  force 
by  90°?  (d)  When  the  current  lags  and  leads  the  induced  electromotive 
force  by  an  angle  6? 

6.  Compare  the  effects  of  (5)  with  corresponding  effects  in  direct-current 
machines.  Under  what  conditions  does  the  armature  magnetomotive  force 
for  a  given  armature  current  have  its  greatest  effect  upon  the  main  field  of 
sahent-pole  alternators? 

7.  Show  by  a  vector  diagram  how  the  induced  electromotive  force  in  an 
alternator  armature  may  be  calculated  knowing  the  terminal  voltage,  the 
armature  resistance  drop  and  the  armature  reactance  drop,  (a)  When  the 
power-factor  of  the  load  is  unity,  (b)  When  the  current  lags  the  terminal 
voltage  by  an  angle  6.  (c)  When  the  current  leads  the  terminal  voltage  by 
an  angle  d.     Give  the  trigonometric  solution  of  the  diagram  in  every  case. 

8.  Why  is  the  induced  electromotive  force  in  an  alternator  armature,  when 
loaded,  not  equal  to  the  no-load  voltage?  Why  are  open-circuit  and 
short-circuit  tests  used  in  obtaining  data  for  calculating  alternator  regu- 
lation rather  than  actually  loading  the  machine? 

9.  How  is  the  armature  reaction  taken  into  consideration  in  the  synchro- 
nous impedance  method  of  determining  regulation? 

10.  Show  that  when  a  coil  has  moved  90  electrical  space-degrees  from 
the  point  where  the  flux  linking  it  is  a  maximum  the  induced  electromotive 
force  becomes  a  maximum.  Distinguish  between  a  space  diagram  and  a 
time  diagram.     When  can  the  two  be  combined? 

11.  Why  is  it  rational  to  combine  the  space  magnetomotive  force  diagram 
of  an  alternator  with  the  time-voltage  and  time-current  diagrams  of  the  same 
machine?  What  is  the  phase  relation  existing  between;  (a)  the  armature 
current  and  the  armature  masjnetomotive  force;  (6)  the  resultant  field  and 
the  induced  electromotive  force;  (c)  the  impressed  field  and  the  no-load 
electromotive  force? 

12.  Show  that  a  fictitious  voltage  of  the  proper  value  leading  the  current 
by  90°,  and  therefore  in  phase  with  the  voltage  which  balances  the  armature 
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reactance  drop,  can  be  substituted  for  the  effect  of  armature  reaction,  and 
the  no-load  electromotive  force  therefore  be  determined.  What  armature 
constant  may  be  increased  to  include  this  fictitious  voltage,  and  what  as- 
sumption is  made  in  doing  this? 

15.  What  is  meant  by  synchronous  reactance?  S3mchronou8  impedance? 
Describe  carefully  the  method  usually  employed  to  determine  these 
quantities. 

14.  What  error  occurs  in  the  value  of  the  synchronous  reactance  when  it  is 
determined  under  short-circuit  conditions?  How  does  this  affect  the 
regulation  determined  by  using  this  value  of  synchronous  reactance? 

16.  Why  does  the  synchronous  impedance  method  of  determining 
regulation  give  unsatisfactory  results  with  single-phase  machines?  Why 
are  results  obtained  with  polyphase  machines  more  in  accord  with  the 
actual  performance  of  the  machine? 

16.  Describe  the  open-circuit  test,  giving  the  connections  used.  Repeat 
for  the  short-circuit  test,  giving  two  methods  of  connecting  the  ammeters. 
Ck)mpare  the  ammeter  readings  in  each  case  with  the  line  current  and  the 
coil  current  of  a  delta-connected  machine. 

17.  How  is  the  regulation  of  a  Y-connected  machine  calculated?  Of 
a  delta-connected  machine?  How  do  the  respective  coil  resistances  and 
reactances  compare  in  the  two  cases  for  the  same  machine?  What  care 
should  be  taken  when  either  method  is  used? 

18.  In  what  fundamental  way  does  the  magnetomotive-force  method 
differ  from  the  synchronous  impedance  method ?  Show  by  a  vector  diagram 
the  various  voltages  and  the  magnetomotive  forces  which  are  substituted 
for  voltages  in  this  method.  How  is  the  resultant  field  obtained?  The 
no-load  electromotive  force? 

19.  How  do  results  obtained  by  the  sjrnchronous  impedance  method 
compare  with  those  obtained  by  the  magnetomotive  force  method?  Why 
do  the  two  methods  give  different  results?     Which  should  be  used? 

20.  Fundamentally,  how  does  the  A.  I.  E.  E.  method  of  determining 
regulation  differ  from  the  synchronous  impedance  and  the  magnetomotive 
force  methods?  What  difficulty  is  encountered  in  this  method  which  is 
not  encountered  in  the  other  two  methods?  How  do  the  results  which  it 
gives  compare  with  the  actual  performance  of  the  machine? 

21.  Compare  the  construction  of  the  Tirrill  regulator  as  applied  to 
alternators  with  £he  regulator  as  used  on  direct-current  machines.  (See 
Vol.  I,  page  307,  Fig.  280.)  What  is  the  function  of  the  "main  contacts" 
and  how  are  they  operated?  What  is  the  function  of  the  relay  contacts 
and  how  are  they  operated?  Explain  the  operation  of  the  entire  regulator 
from  the  time  that  the  exciter  voltage  commences  building  up  until  the 
machine  has  reached  rated  voltage,  and  load  then  applied. 

22.  Explain  why  the  prime  mover  characteristics  alone  determine  the 
kilowatt  division  of  load  between  alternators.  Why  is  this  true  of  alternators 
and  not  true  of  direct-current  generators?  Why  is  it  undesirable  that  the 
prime  movers  have  flat  speed-load  characteristics? 

23.  What  effect  has  a  temporary  change  of  speed  of  one  prime  mover 
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on  the  phase  relation  of  the  electromotive  force  induced  in  the  two  machines 
which  they  drive?  What  effect  does  the  resultant  voltage  produce?  Why 
is  the  resultant  current  called  the  synchronizing  current?  Show  that  the 
action  of  this  current  is  such  as  make  the  parallel  operation  of  alternators 
a  condition  of  stable  equihbrium. 

24.  If  the  field  of  one  of  two  alternators  operating  in  parallel  is  strength- 
ened, in  what  two  ways  is  its  internal  electromotive  force  affected?  Its 
current?  Why?  How  is  the  electromotive  force  and  the  current  of  the 
other  machine  affected  at  this  same  time?  Show  that  the  reactions  result- 
ing from  changing  these  field  excitations  cannot  change  the  kilowatt  division 
of  load  between  the  machines.  What  is  the  objection  to  having  two 
alternators  in  parallel,  one  operating  with  a  leading  current  and  the  other 
with  a  lagging  current? 

26.  Sketch  the  connections  of  a  simple  method  which  may  be  used  to 
show  the  proper  time  for  switching  alternators  in  parallel.  How  should 
the  voltage  rating  of  the  synchronizing  lamps  compare  with  that  of  the 
system?  How  do  such  lamps  indicate  the  relative  phase  relation  of  the 
incoming  machine  and  the  bus-bars?  When  should  the  line  switch  be 
closed? 

26.  State  two  disadvantages  of  the  "three-dark"  method  of  synchroniz- 
ing. How  may  these  disadvantages  be  in  part  eliminated  by  a  different 
grouping  of  the  lamps?  Why  is  the  use  of  a  synchronism  indicator  suj)erior 
to  the  foregoing  methods,  especially  with  certain  types  of  alternators? 

27.  What  types  of  prime  mover  have  pulsating  torques?  How  may  the 
effect  of  these  torque  pulsations  be  magnified  several  times  by  direct-con- 
nected alternators?  Why  is  it  undesirable  that  pulsations  of  frequency  be 
communicated  to  the  system?  State  the  general  remedies  which  may  be 
used  to  reduce  "hunting''  and  the  reason  for  the  use  of  each  of  these. 

PROBLEMS  ON  CHAPTER  VI 

81.  A  550-volt,  50-kv-a.  single-phase  alternator  has  an  effective  armature 
resistance  of  0.18  ohm  and  an  armature  reactance  of  0.75  ohm.  What  is  the 
induced  electromotive  force  of  this  armature  when  the  machine  delivers  its 
rated  current  at  rated  voltage  and  at  unity  power-factor? 

82.  Repeat  problem  81  for  0.8  power-factor,  lagging  current;  leading 
current. 

83.  The  core  loss,  friction  and  windage  of  the  alternator  of  problem  81 
is  1,700  watts.  The  field  takes  15  amp.  at  115  volts.  What  is  the  efficiency 
of  this  alternator  at  its  rated  load  and  unity  power-factor? 

84.  The  synchronous  reactance  of  the  alternator  of  problem  81  is  equal 
to  twice  the  armature  leakage  reactance.  If  it  is  carrying  full  non-inductive 
load  at  rated  voltage  and  at  unity  power-factor,  find  the  no-load  voltage 
of  the  machine  when  this  load  is  thrown  off. 

86.  Find  the  no-load  voltages  in  problem  82,  when  these  loads  are  thrown 
off  the  alternator. 

86.  What  is  the  regulation  of  the  machine  under  each  of  the  conditions 
given  in  problems  84  and  86? 
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87.  A  25-cycle,  25-kv-a.,  550- volt,  single-phase  alternator  has  an  effective- 
armature  resistance  of  0.20  ohm  and  a  S3rnchronous  impedance  of  1.8  ohms. 
What  is  its  S3nichronous  reactance  and  what  is  the  regulation  of  this  alter- 
nator at  unity  power-factor  and  at  0.7  power-factor,  lagging  current? 

88.  A  2,000-kv-a.,  3-phase,  2,300-volt,  60-cycle  alternator  has  an  effective 
armature  resistance  of  0.0354  ohm  per  phase  and  a  synchronous  reactance 
of  0.62  ohm  per  phase.  The  machine  is  Y-connected.  Determine  its 
regulation  at  unity  power-factor  and  at  0.8  power-factor,  lagging  current. 

89.  Following  are  the  constants  of  a  50-kv-a.,  220-volt,  three-phase  alter- 
nator: 

Average  ohmic  resistance  between  terminals,  0.0233  ohm. 

Field  current  adjusted  to  6.2  amp.,  open  circuit  terminal  volts  »  125 
volts. 

Field  current  adjusted  to  6.2  amp.,  generator  short-circuited,  three  line 
currents  each  equal  to  164  amp. 

Ratio  of  effective  to  ohmic  resistance  =  1.5. 

Calculate  the  regulation  of  the  machine  when  the  power-factor  is  0.8 
lagging  and  0.8  leading  current.     Assume  that  the  machine  is  Y-connected. 

90.  Repeat  problem  89,  assuming  that  the  machine  is  delta-connected. 

91.  Below  are  given  open-circuit  and  short-circuit  data  of  a  200-kv-a. 
500- volt,  60-cycle,  three-phase  alternator.  The  machine  is  Y-connected 
and  has  an  ohmic  resistance  of  0.012  ohm  per  coil.  The  ratio  of  effective 
to  ohmic  resistance  is  1 . 5.  Find  the  regulation  of  the  machine  by  the  synchro- 
nous impedance  method  at  0.7  power-factor  for  both  leading  and  lagging 
current. 
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92.  Determine  the  regulation  of  the  alternator  of  problem  91  by  the 
magnetomotive  force  method,  at  unity  and  0.7  power-factor  for  both  leading 
and  lagging  current. 

93.  A  1,000  kv-a.,  three-phase,  2,200-volt,  60-cycle  alternator  is  tested 
for  its  regulation  by  the  A.  I.  E.  E.  method.  A  load  of  practically  zero- 
power-factor  lagging  current  is  applied,  this  load  being  adjusted  until  the 
rated  current  of  the  machine  is  flowing.  The  field  current  is  then  adjusted 
until  the  machine  terminal  voltage  is  2,200  volts.  Under  these  conditions 
the  field  current  is  250  amp.  When  the  field  current  is  250  amp.  on  open 
circuit  the  terminal  voltage  is  2,700  volts.  The  machine  is  delta-connected 
and  has  an  effective  resistance  of  0.3  ohm  per  coil.     Find  the  S3rnchronous 
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reactance  of  this  machine  and  its  regulation  at  unity  and  at  0.8  power- 
factor,  lagging  current. 

94.  Two  similar  1,000  kw.  alternators  operate  in  parallel.  The  speed- 
load  characteristic  of  the  first  alternator  is  such  that  its  frequency  drops  from 
63  to  60  cycles  from  no  load  to  full  kilowatt  load.  The  frequency  of  the 
second  alternator  drops  from  64  to  58  cycles  under  the  same  conditions. 
When  the  combined  load  on  the  two  alternators  is  1,500  kw.  how  much  load 
does  each  alternator  supply? 

96.  The  tension  in  the  governor  spring  of  the  second  alternator  of  problem 
94  is  so  adjusted  that  both  alternators  have  the  same  frequency  when  the 
load  on  each  is  1,000  kw.  This  change  in  the  speed-load  characteristic  of 
the  second  machine  raises  its  speed-load  characteristic  two  cycles  at  every 
point.  How  much  power  does  each  alternator  deliver  when  there  is  no 
load  on  the  system? 

96.  Two  alternators  are  operating  in  parallel  supplying  single-phase 
power  at  2,300  volts  to  a  load  of  400  kw.  whose  power-factor  is  unity. 
No.  1  alternator  supplies  109  amp.  at  0.8  power-factor,  lagging  current. 
What  power  and  what  current  does  alternator  No.  2  supply? 

97.  Two  three-phase  alternators  are  operating  in  parallel  to  supply  a 
2,000  kw.  load  at  6,600  volts,  this  load  having  unity  power-factor.  The 
current  delivered  by  alternator  No.  1  is  83  amp.  at  0.85  power-factor, 
leading  current.  What  power  and  what  current  is  alternator  No.  2  de- 
livering?    What  is  its  power-factor? 

QUESTIONS  ON  CHAPTER  VH 

1.  Define  a  transformer.  What  distinct  advantages  do  transformers 
possess  over  most  other  types  of  electrical  machinery? 

2.  By  what  means  is  energy  transferred  from  one  circuit  to  the  other? 
Which  winding  is  called  the  primary?     The  secondary? 

3.  Show  that  the  induced  electromotive  force  of  a  transformer  winding 
is  proportional  to  the  number  of  turns.  To  what  three  factors  is  the  induced 
electromotive  force  in  any  transformer  winding  proportional? 

4.  What  current  flows  into  a  transformer  primary  when  the  secondary  is 
open?  What  is  its  order  of  magnitude?  What  is  the  relation  of  the 
direction  of  primary  current  to  the  direction  of  flux  in  the  core?  Of  the 
secondary  current?     Explain. 

6.  Explain  the  sequence  of  reactions  which  cause  the  primary  to  take  more 
power  from  the  line  when  load  is  applied  to  the  secondary. 

6.  Why  is  the  mutual  flux  in  a  transformer  nearly  constant  from  no-load 
to  rated  load?  What  is  the  magnitude  of  the  variation  of  the  magnetizing 
current  under  these  conditions? 

7.  What  relation  exists  between  primary  ampere-turns  and  secondary 
amj)ere-tums?  What  relation  exists  between  primary  current  and  second- 
ary current? 

8.  Distinguish  between  primary  leakage  flux,  secondary  leakage  flux 
and  mutual  flux.  Which  of  the  foregoing  depend  upon  the  voltage  and 
which  depend  upon  the  current? 
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9.  What  effect  have  the  two  leakage  fluxes  upon  the  operation  of  the 
transformer? 

10.  In  the  complete  vector  diagram  of  the  transformer,  why  are  the 
primary  and  the  secondary  induced  voltages  shown  equal  in  magnitude  and 
in  phase  with  each  other?  Why  is  a  voltage  equal  and  opposite  to  the 
primary  induced  voltage  necessary  in  order  to  find  the  voltage  at  the 
terminals  of  the  primary? 

11.  Show  that  the  total  primary  current  is  not  equal  and  opposite  to 
the  secondary'  current  even  when  both  windings  have  the  same  number  of 
turns.  Resolve  the  primary  current  into  two  components  explaining  why 
one  of  these  components  varies  with  the  load  on  the  transformer  secondary. 

12.  What  is  meant  by  transformer  regulation  and  what  assumptions  are 
usually  made  in  obtaining  it. 

13.  Explain  what  approximation  is  made  in  obtaining  the  simplified 
transformer  diagram.     What  advantages  result  in  somdking  the  diagram? 

14.  What  is  the  relation  ordinarily  existing  between  the  primary  and 
secondary  resistances  in  a  transformer?  What  is  meant  by  "equivalent 
resistance  referred  to  the  primary"  and  how  is  this  quantity  used? 

16.  Discuss  the  relation  usually  existing  between  the  primary  and  the 
secondary  reactance,  giving  reasons  for  the  existance  of  this  relation. 
What  is  meant  by  "equivalent  reactance  referred  to  the  primary."  How 
is  this  quantity  used  in  determining  the  transformer  characteristics? 

16.  What  relation  exists  between  the  equivalent  reactance  referred  to 
the  primary  and  that  referred  to  the  secondary? 

17.  Show  that  if  one  side  of  a  transformer  is  open  and  the  other  side  is 
connected  to  the  line,  practically  the  entire  input  goes  to  supply  the  core 
loss.     How  does  this  core  loss  vary  with  the  voltage?     Why? 

18.  Why  do  both  the  magnetizing  current  and  the  core  loss  increase 
very  rapidly  after  the  rated  voltage  of  the  transformer  has  been  reached? 
Why  is  it  practically  impossible  to  operate  transformers  at  voltages  very 
much  in  excess  of  those  for  which  they  are  rated?  How  is  the  true  magfie- 
tizing  current  found? 

19.  When  one  side  of  a  transformer  is  short-circuited  and  the  other  side 
is  connected  to  an  alternating  supply,  show  that  the  input  goes  almost 
entirely  to  supplying  the  copper  losses  of  the  primary  and  secondary  coils. 
How  is  the  equivalent  imi>edance  and  the  equivalent  reactance  referred  to 
either  side  determined  from  the  short-circuit  test? 

20.  What  losses  exist  in  a  transformer  operating  under  load?  How  may 
these  losses  be  computed  for  different  loads?  Indicate  the  method  of 
calculating  the  efficiency  over  the  working  range  of  the  transformer?  What 
are  the  advantages  of  this  method  over  direct  measurements  of  output 
and  input? 

21.  In  what  way  does  the  core  type  of  transformer  differ  in  construction 
from  the  shell  type?  Compare  the  dimensions  of  the  electrical  and  mag- 
netic circuits  in  the  two  cases.  Which  type  is  better  adapted  for  high 
voltage  and  why?  How  is  the  leakage  flux  reduced  to  a  minimum  in  the 
two  cases? 
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tt.  Wb&t  advanta^  is  daimed  for  the  Tvpe-H  transformer  ci  the  General 
£3ectncCo?  Wliatprovisioiisai^niade  for  keepuig  this  type  of  transfonner 
cool? 

S3.  Describe  one  method  of  keeping  transformers  oooL  Oatside  of  its 
cocking  (Hx>penies,  wh&t  other  advantage  is  obtained  bv  using  oil? 

84.  Describe  two  other  methods  used  to  dissipate  the  heat  from  s^- 
cooled  transfonners  when  the  surface  ol  the  case  itself  becomes  inadequate? 

25.  What  are  the  advantages  and  disadvantages  of  air-cooled  trans- 
formos?     How  is  the  circulation  of  air  maintained? 

86.  Describe  the  niethod  oidinarily  used  for  artificiaDy  cooling  oil-£Ikd 
transformers.     What  care  chould  be  taken  when  this  method  is  used  ? 

27.  £x;^ain  the  principle  upon  ^vdiich  three-phase  transformers  operate. 
What  are  the  advantages  and  the  disadvantages  of  this  type  of  trans- 
former? From  the  operating  standpcant,  in  what  ways  do  the  shell  t>7)e 
and  the  core  type  of  three-phase  transformer  differ? 

88.  In  what  way  does  the  auto-transftHina'  diffo*  from  a  resistance 
drop  wire?     From  an  ordinary  transfcHmer? 

89.  Under  what  conditions  is  it  advantageous  to  use  an  auto-trans- 
f(»iner?  Under  what  ocHiditions  should  an  auto-transformer  not  be  used? 
How  may  an  ordinary  transfcHin^  be  connected  to  operate  as  an  auto- 
transformer? 

30.  Indicate  the  different  connecti<His  that  can  be  used  for  three-phase 
transformer  banks.  State  the  conditions  for  which  each  connection  is  best 
adapted. 

31.  What  is  meant  by  a  '^ floating  neutral'"  and  by  what  connecticm  is 
it  produced?     How  may  it  be  eliminated? 

38.  Under  what  conditions  cannot  three-phase  transformer  banks  be  oper- 
ated in  parallel,  even  although  the  ratios  between  line  voltages  are  alike 
for  the  several  banks? 

33.  Give  the  reasons  why,  at  no  load,  the  three  three-phase  voltages 
existing  across  delta-delta-connected  transformer  secondaries  are  not 
in  any  way  disturbed  by  the  rranoval  of  one  of  the  transformers,  if  the 
voltages  are  balanced? 

34.  What  is  the  ratio  oi  the  kv-a.  capacity  of  the  delta-connected  bank 
to  the  V-^nnected  bank?  Under  what  conditions  is  the  V-connection 
used? 

36.  Make  a  diagram  oi  the  T-connection  when  used  for  transforming 
three-phase  to  three-phase.  How  does  the  total  three-phase  kv-a.  capacity 
of  the  T-bank  compare  with  the  sum  oi  the  kv-a.  capacities  of  the  individual 
transformers? 

36.  Show  how  the  T-connectioa  may  be  used  for  obtaining  a  two-phase, 
three-wire  system.  What  connection  is  necessary  if  the  three-wire  systOTH 
is  to  have  equal  voltages  on  both  legs? 

37.  How  may  a  two-phase  (or  four-phase)  four-  or  five-wire  system  be 
obtained  from  the  T-connection.     Where  is  the  neutral  of  the  "T"? 

38.  How  does  the  construction  of  a  constant-current  transformer  differ 
from  that  of  a  constant-potential  transformer?    Assuming  a  change  of  load, 
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analyze  the  reactions  which  cause  the  transfcRiner  to  maintain  the  euneiit 
constant.  Why  is  the  power-factor  of  this  type  of  transformer  usual^ 
low? 

89.  Sketch  the  connections  of  a  constant-current  tranrfonner  as  used 
with  a  mercury-arc  tube  to  obtain  uni-directional  current  for  magoetite 
arcs.     Why  is  reactance  necessary? 

40.  For  what  reasons  is  it  necessary  to  use  instrument  transformeis  for 
measuring  power  on  high-voltage,  alternating-current  circuits? 

41.  Describe  potential  transformers.  What  is  the  usual  voltage  rating 
of  their  secondaries?  Why  should  the  secondaries  always  be  well-grounded 
at  one  point? 

42.  Describe  the  construction  of  a  current  transformer.  What  prevents 
it  from  giving  a  ratio  of  transformation  that  is  exactly  proportional  to  the 
ratio  of  secondary-  to  primary  turns?  Wliy  should  the  secondary  always 
be  kept  closed?  In  what  ways  does  a  current  transformer  differ  from  a 
constant-potential  transformer? 

PROBLEMS  ON  CHAPTER  VH 

98.  A  transformer,  rated  at  2,200/220  volts,  has  2,400  turns  on  the  pri- 
mary or  high-side  winding.  How  many  secondary  turns  are  there  if  the 
secondary'  no-load  voltage  must  be  increased  4  percent,  to  allow  for  the  4  per 
cent,  voltage  drop  in  the  transformer  when  under  load? 

99.  A  2,000/ 110-volt  transformer  has  80  turns  in  the  low-side  winding 
How  many  turns  are  there  in  the  high-side  winding  if  compensation  is  made 
for  a  4  per  cent,  voltage  drop  in  the  transformer  when  load  is  applied  to  the 
low  side? 

100.  What  voltage  is  induced  in  a  transformer  winding  of  1,200  turns  if 
the  frequency  is  60  cycles  per  second  and  the  maximum  vahie  of  the  flux 
is  1,880,000  lines?     (Assume  sine  wave.) 

101.  A  certain  60-cycle,  13,200/660-volt  transformer  is  to  have  a  primary 
winding  of  4,000  turns  and  a  secondary  winding  of  200  turns.  What  must 
be  the  cross-section  of  the  core  if  the  maximum  flux  density  in  the  iron  is 
60,000  lines  per  square  inch?  The  ratio  of  net  iron  to  the  total  volume  of 
the  core  is  0.9. 

102.  Repeat  problem  101  for  a  2o-cycle  transformer  operating  at  75,000 
lines  per  square  inch.  Wliich  transformer  has  the  more  iron  and  the 
more  copper?  Why?  Explain  why  the  iron  in  a  25-cycle  transformer  can 
be  operated  at  a  higher  flux  density  than  it  can  be  in  a  60-cycle  transfonner. 

103.  A  2,200/550-volt  transformer  is  rated  at  20  kw.  at  unity  power- 
factor.  What  is  the  current  rating  of  each  winding?  What  is  the  current 
rating  of  each  winding  at  0.8  power-factor,  lagging  current? 

104.  A  certain  transformer  at  no  load  takes  12  amp.  at  220  volts  and 
the  power-factor  is  0.16.  What  is  the  energy  component  and  what  is  the 
magnetizing  component  of  this  no-load  exciting  current?  If  a  load  is 
applied  to  the  transformer  so  that  an  additional  30  amp.,  substantially  in 
phase  with  the  line  voltage,  is  taken  from  the  line,  what  does  the  total 
primary  current  become?    What  is  the  power-factor  of  the  primary?    K 
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the  transformer  steps  up  the  voltage  one  to  ten,  what  is  the  approximate 
value  of  the  secondary  voltage? 

106.  A  50-kv-a.,  2,200/600-volt  transformer  has  the  following  constants: 
High-side  resistance,  0.7  ohm;  low-side  resistance,  0.052  ohm;  equivalent 
reactance  referred  to  the  high  side,  1.7  ohms.  Determine  the  regulation 
of  the  transformer  at  unity  power-factor  and  at  0.7  power-factor,  lagging 
and  leading  current. 

106.  Determine  the  efficiency  of  the  transformer  of  problem  105  at  Hi 
Ji,  }4t  rated,  and  5i-kv-a.  load  at  unity  power-factor.  Plot  a  curve  with 
current  as  abscissas.     The  no-load  core  loss  is  500  watts. 

107.  Repeat  problem  106  for  0.8  power-factor,  lagging  current. 

108.  The  following  are  the  data  taken  from  open-  and  short-circuit  tests 
of  a  10-kv-a.,  2,080— 208-volt,  60-cycle  transformer: 

High  side  open,  instruments  on  low-voltage  side: 

^  =  208  /  =  2.8  amp.  P  =  124  watts 

Low  side  short-circuited,  instruments  on  high  side: 

J^  =  110  /  =  6.3  P  =  370  watts 

Ohmic  Resistance:     High  side,  4.85  ohms.    Low  side,  0.0381  ohm. 

(o)  Determine  the  regulation  of  this  transformer  at  unity  power-factor 
and  at  0.8  power  factor,  lagging  and  leading  current. 

(6)  Determine  the  transformer  efficiency  under  each  of  the  above 
conditions. 

(c)  What  is  the  ratio  of  effective  to  ohmic  resistance  in  this  transformer? 
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109.  A  20-kv-a.,  1, 100/ 110-volt  transformer  is  connected  as  shown  in  Fig. 
109A  so  that  it  acts  as  a  booster  to  raise  the  line  voltage  from  1, 100  volts 
to  1,210  volts.  Neglecting  the  voltage  drops  in  the  transformer,  determine: 
(a)  the  power  received  by  the  system;  (b)  the  power  delivered  by  thes3rstem; 
(c)  the  power  transformed;  (d)  the  power  which  flows  through  without 
transformation;  (e)  if  the  efficiency  of  the  transformer  is  97  per  cent.,  what 
is  the  efficiency  of  the  entire  system  ?  In  the  above  problem  the  transformer 
currents  must  not  exceed  the  values  given  by  the  transformer  rating. 

110.  Repeat  problem  109  with  the  secondary  reversed  so  that  the  ultimate 
voltage  is  990  volts.  Which  coil  is  the  primary  and  which  is  the  secondary 
under  these  conditions? 

111.  Figure  111  A  shows  a  compensator  used  for  reducing  the  voltage  from 
150  volts  to  120  volts  for  a  10  kw.  non-inductive  load.  Indicate  all  the  cur- 
rents and  all  the  voltages  existing  in  the  system.  How  much  power  is  trans- 
formed and  how  much  passes  ttvrough  without  transfonnatioi;!?  Ne^ect 
losses. 
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112.  Power  generated  in  a  station  by  a  three^haae,  2,500-kY-a.  altemator 
at  6,600  volts,  is  transformed  for  transmission  to  33,000  volts  by  a  d^tsr 
V-connected  transformer  bank.  The  voltage  is  then  stepped  down  by  a 
delta-delta  bank  to  13,200  volts  for  distribution.  What  is  the  coirent, 
voltage  and  kv-a.  rating  of  each  transformer?  Give  the  current  and  the 
voltage  rating  of  the  primary  and  secondary  of  each  transfcHmtf.  Neglect 
loesses. 

113.  A  certain  sub-station  receives  power  at  6,900  volts  and  this  power 
is  stepped  down  to  2,300  volts  by  two200-kv-a.,  V-connected  transformers. 
If  the  power-factor  of  the  secondary  load  is  unity,  what  is  the  masdmum 
power  which  the  tran;3formers  can  deUver  without  exceeding  th^  ratuigs? 
What  is  the  current  and  the  voltage  of  each  winding? 

114.  Repeat  problem  113  for  three  20(Mnr-a.  transformers  connected 
delta-delta.  Compare  the  per  cent,  increase  of  capacity  with  the  per  cent, 
increase  of  investment. 

116.  Power  is  received  at  a  certain  factory  at  2,300  volts,  three-phase. 
It  is  desired  to  transform  it  to  230  volts,  two-phase,  four-wire.  If  the  total 
power  is  50  kw.  at  0.8  power-factor,  what  should  be  the  ratings  of  the  trans- 
formers if  the  Scott  connection  is  used?  Make  a  sketch  showing  the  method 
of  connecting  these  transformers. 

116.  If  the  transformers  of  problem  115  were  used  to  obtain  a  230-v(dt, 
two-phase,  three-wire  S3rstem,  indicate  the  currents  and  the  voltages  in  each 
part  of  the  system.     Make  a  sketch. 

117.  A  single-phase  line  delivers  60  kw.  at  1,100  volts.  An  ammeter,  a 
voltmeter,  an  indicating  wattmeter,  and  a  watthour  meter  are  all  necessary 
in  operating  this  circuit.  Sketch  the  connections  of  the  instrument  trans- 
formers and  the  instruments.  Give  the  ratios  of  the  transformers  and  the 
factor  by  which  each  instrument  reading  must  be  multiplied  in  order  to 
obtain  the  corresponding  value  of  the  current,  voltage,  power,  etc.,  existing 
in  the  high-voltage  circuit.  The  ammeter  and  the  wattmeter  should  have 
5-ampere  ratings.     Allow  for  fifty  per  cent,  overload. 

QUESTIONS  ON  CHAPTER  Vm 

1.  Describe  a  simple  experiment  illustrating  the  underiying  principle  of 
induction-motor  action.  Show  that  the  tendency  of  the  rotor  to  foUow 
the  inducing  magnetic  field  is  another  illustration  of  Lenx's  law.  Why 
cannot  the  rotor  attain  the  speed  of  the  inducing  magnetic  field. 

2.  Make  a  sketch  of  a  two-phase  gramme-ring  winding  and  sketch 
the  p>osition  of  the  magnetic  field  for  three  or  four  different  values  of  the 
currents.  Repeat  for  a  three-phase  drum  winding.  What  is  the  relation 
between  the  space-advance  of  the  magnetic  field  and  the  time-change  of 
the  currents? 

3.  What  is  meant  by  revolutions  slip?  Per  cent,  slip?  Show  how  the 
rotor  frequency  is  related  to  the  slip. 

4.  Upon  what  three  factors  does  the  torque  developed  by  an  alternating- 
current  motor  depend?  Plot  a  sine  of  wave  current  and  a  sine  wave  of 
flux  about  45^  out  of  phase  and  then  plot  the  resulting  torque  ciirve, 
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6.  Describe  the  oonstniction  a[  a  squirrel-cage  rotor,  indicating  the 
various  methods  of  making  tJie  end-ring  connections. 

6.  Why  does  the  rotor  slip  increase  with  increased  load?  What  is  the 
order  of  magnitude  oi  the  sUp  in  commercial  motors? 

7.  What  direct-current  motor  characteristics  do  the  squirrel-cage  motor 
characteristics  resemble?  Why  do  the  power-factor  and  tJie  effidency  of 
the  induction  motor  increase  rajudly  with  load? 

8.  State  one  very  serious  objection  to  the  squirrel-cage  motor  for  certain 
types  of  service.  Analyze  ear^ully  the  reasons  why  this  type  of  motor 
develops  but  httle  torque  at  starting  althou^  it  takes  an  unusually  large 
current.  Under  what  conditions  is  the  torque  a  maximum  when  the 
current  and  flux  are  fixed  in  magnitude? 

9.  Sketch  a  typical  slip-torque  curve  of  an  induction  motor.  What  is 
meant  by  the  break-down  torque?     Upon  what  three  factors  does  it  depend? 

10.  Name  several  industrial  api^cations  to  which  the  squirrel-cage  motor 
is  particularly  well  adapted. 

11.  Sketch  the  special  connections  used  for  starting  squirrel-cage  motors 
when  no  starting-compensator  is  necessary.  Why  are  starting  compen- 
sators necessary?     Make  a  diagram  of  two  different  types. 

12.  What  is  the  effect  upon  the  s]ip  of  an  induction  motor  of  introducing 
resistance  into  the  rotor  circuit?  Elxplain.  What  is  the  distinct  disadvan- 
tage of  controlling  the  speed  of  the  motor  by  inserting  resistance  into  the 
rotor  circuit? 

13.  Why  are  wound^t)tor  induction  motcHis  often  necessary?  Compare 
their  starting  characteristics,  their  operating  characteristics  and  their 
cost  with  those  of  squirrel-cage  motors.  State  a  few  oi  the  industrial  appli- 
cations of  the  wound-rotor  motor. 

14.  What  is  the  effect  upon  the  operation  of  the  induction  motor;  (a) 
of  increasing  the  length  of  the  air-gap;  (b)  of  using  open  slots;  (c)  of  using 
semi-closed  stator  slots;  (d)  of  using  semi-closed  rotor  slots?  Discus^  the 
mechanical  construction  of  the  motor  with  special  reference  to  air-gap 
requirements. 

16.  What  three  quantities  determine  the  speed  of  the  induction  motor? 
State  briefly  the  underlying  principle  of  a  method  of  speed  control  which 
does  away  with  some  of  the  disadvantages  of  introducing  resistance  into 
the  rotor  circuit.     Make  a  diagram  of  connections  and  discuss  the  effidency 
of  this  method.     Where  would  such  methods  of  speed  control  be  used? 

16.  Give  an  example  where  speed  may  be  controlled  by  change  of  fre- 
quency, stating  the  limits  of  such  speed  control. 

17.  State  how  the  number  of  poles  of  an  induction  motor  may  be  changed 
in  order  to  give  different  speeds.     What  are  the  limitations  of  this  method? 

18.  What  is  meant  by  concatenation?  Discuss  this  method  of  speed 
control,  giving  a  diagram  of  connections  when  two  similar  motors  are  used. 
To  what  direct-current  method  of  speed  control  does  this  correspond? 

19.  Under  what  conditions  will  an  induction  machine  develop  electrical 
energy?  State :  (a)  the  rotor  reactions  which  cause  the  reversal  of  electrical 
energy  in  the  rotor;  (&)  the  effect  of  these  reactions  upon  the  statoY.     (c) 
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How  is  the  load  of  the  induction  generator  controlled?  (d)  From  where 
does  the  machine  obtain  its  exciting  current?  (e)  What  determines  its 
frequency  and  voltage? 

20.  State  the  advantages  and  the  disadvantages  of  the  induction  generator 
as  compared  with  the  synchronous  generator.  Why  is  the  machine  power- 
factor  determined  by  the  machine  itself  and  not  by  the  load?  Illustrate 
with  a  vector  diagram.  To  what  type  of  work  is  the  induction  generator 
particularly  well  adapted? 

21.  What  measurements  are  necessary  in  order  to  obtain  data  for  the 
construction  of  the  circle  diagram?  Why  is  reduced  voltage  used  in  the 
blocked  run?  How  is  the  diameter  of  the  semi-circle  determined?  What 
construction  is  necessary  in  order  to  separate  the  primary  and  secondary 
copper  losses? 

22.  How  are  the  following  factors  determined  for  any  given  value  of 
primary  current:  (a)  Secondary,  current;  (6)  power  input;  (c)  core  and 
friction  losses;  (d)  primary  copper  loss;  (e)  secondary  copper  loss;  (/) 
output;  (g)  eflSciency;  (h)  torque;  (i)  shp;  (j)  power-factor. 

23.  Why  is  it  inaccurate  to  determine  the  shp  by  measuring  the  rotor 
and  synchronous  speeds  and  then  subtracting?  Describe  the  principle 
of  the  stroboscope  method.     How  may  shp  be  measured  mechanically? 

24.  What  types  of  common  alternating-current  machinery  does  the 
induction  regulator  resemble?  What  windings  has  the  regulator  and  where 
are  they  placed?  Why  is  a  tertiary  winding  necessary  in  the  single-phase 
regulator  and  where  is  it  placed? 

26.  How  is  the  regulator  operated?  How  is  it  connected  to  the  circuit? 
Compare  the  three-phase  regulator  with  the  single-phase  regulator. 

PROBLEMS  ON  CHAPTER  Vm 

118.  A  three-phase,  60-cycle  induction  motor  has  10  poles.  Through 
how  many  space-degrees  will  the  rotating  field  advance  during  one  cycle? 
What  is  the  speed  of  the  rotating  field  in  revolutions  per  second?  In 
revolutions  per  minute? 

119.  Repeat  problem  118  for  a  25-cycle  motor  of  the  same  number  of 
poles. 

120.  It  is  desired  to  obtain  an  induction  motor  which  shall  have  a  speed 
in  the  neighborhood  of  400  r.p.m.  How  many  poles  should  this  motor  have 
if  60-cycle  power  is  available?    25-cycle  power? 

121.  The  rotor  of  a  six-pole,  three-phase,  induction  motor  rotates  at 
1,160  r.p.m.  when  the  motor  is  connected  across  60-cycle  mains.  What  is 
the  slip  of  the  motor  in  per  cent?  What  is  the  frequency  of  the  currents 
in  the  rotor  when  it  is  running  at  this  speed? 

122.  A  certain  squirrel-cage  induction  motor  develops  a  starting  torque 
of  40  Ib.-ft.,  when  it  is  connected  to  the  40  per  cent,  taps  of  a  three-phase 
starting  compensator,  and  the  Une  current  is  80  amp.  What  is  the  approxi- 
mate starting  torque  and  the  line  current  when  it  is  connected  to  the  60 
per  cent,  taps? 
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123.  What  is  the  ratio  of  the  break-down  torques  of  two  similar  induction 
motors,  one  of  25-cycles  and  the  other  of  60-cycles  if  the  rotor  inductance, 
the  flux  and  the  currents  are  the  same  in  each? 

124.  A  10  hp.,  230-volt,  three-phase,  60-cycle  induction  motor,  when 
connected  directly  across  230-volt,  three-phase  mains,  takes  125  amp.  the 
instant  that  the  circuit  is  closed.  What  current  will  the  motor  take  and 
what  will  be  the  line  current  if  a  compensator  similar  to  the  one  in  Fig. 
238,  page  251,  is  used  and  the  motor  is  connected  to  the  50  per  cent,  taps? 

126.  Repeat  problem  124  for  the  60  per  cent.  taps.  What  will  be  the 
ratio  of  starting  torques  in  the  three  cases,  of  full  voltage,  50  per  cent,  and 
60  per  cent,  taps? 

126.  A  six-pole,  60-cycle,  3-phase  wound-rotor,  induction  motor  is 
taking  10,000  watts  from  the  line.  The  core  loss  plus  friction  losses  is  700 
watts  and  the  stator  I^R  loss  is  300  watts.  The  rotor  I^R  loss  is  400  watts. 
What  is  the  motor  efiiciency  under  these  conditions?  At  what  speed  does 
it  run  and  what  torque  does  it  develop?  (Hint:  The  ratio  of  the  rotor 
PR  loss  to  the  rotor  input  is  proportional  to  the  slip.) 

127.  Find  the  motor  eflSciency  in  problem  126  if  resistance  is  introduced 
in  the  rotor  circuit  so  that  the  motor  runs  at  (o)  900  r.p.m.  (b)  600  r.p.m. 

128.  A  10  hp.,  230-volt,  six-pole,  60-cycle,  1,140  r.p.m.,  induction  motor 
is  tested  by  means  of  a  prony  brake.     The  data  are  as  follows: 


Volts 

Average 

amperes 

per  line 

Kilowatts 

Balance 
(pounds) 

Revolu- 
tions sUp 

Frequency 

Pi 

P2 

229 
230 
229 
229 
229 
228 
228 
227 

11.3 
11.6 
14.8 
18.0 
20.6 
24.0 
26.6 
29.4 

-0.97 
-0.38 
+0.57 
+1.20 

+  1.75 
+2.45 
+2.95 
+3.40 

1.40 
1.96 
3.20 
4.00 
4.70 
5.42 
6.12 
6.75 

0 

4.15 
10.90 
16.00 
19.00 
23.00 
26.00 
29.00 

1.2 
9.75 
27.5 
40.0 
48.0 
56.0 
60:0 
76.0 

58.0 
58.5 
58.0 
58.5 
58.5 
58.0 
58.0 
58.5 

The  brake  arm  is  2  ft.  long  and  its  dead  weight  is  1.85  lb.  The  2-watt- 
meter  method  is  used.  From  the  above  data  compute  the  following: 
torque;  per  cent,  slip;  speed;  horsepower  output;  efficiency;  power-factor. 
Plot  the  above  data  with  horsepower  as  abscissas.  Why  does  the  efficiency 
increase  to  a  maximum  and  then  decrease?  Why  does  the  power-factor 
increase  with  the  load?  From  the  two  wattmeter  readings  determine  the 
power-factor,  using  either  equation  34,  page  91,  or  Fig.  90,  page  92.  Com- 
pare these  values  with  those  obtained  from  dividing  the  total  power  by  the 
volt-amperes. 
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QUESTIONS  ON  CHAPTER  IX 

1.  Wliat  suggests  that  both  the  shunt  and  the  series  direct-current  motors 
might  possibly  be  used  with  alternating  current?  Why  is  it  not  possible 
to  u.se  the  shunt  motor  effectively  with  alternating  current?  What  char- 
acteristic of  the  series  motor  makes  it  possible  for  this  type  of  motor 
to  operate  effectively  with  alternating  current? 

2.  In  what  way  does  the  field  structure  of  an  alternating-current  series 
motor  differ  from  that  of  the  direct-current  series  motor?  How  does  the 
numF>er  of  series  turns  of  the  alternating-current  motor  compare  with 
the  number  ordinarily  used  with  the  direct-current  motor  of  corresponding 
rating?  Why  are  the  poles  short  and  of  comparatively  large  cross-section? 
\Miy  is  the  air-gap  short?     Why  is  low  frequency  necessary? 

3.  Why  does  the  alternating-current  series  motor  have  a  large  number 
of  armature  turns?  Give  two  reasons  why  armature  reaction  must  be 
compensated.     Show  two  methods  of  compensating. 

4.  What  commutating  difficulty  exists  in  the  alternating-current  motor, 
which  is  not  present  in  the  direct-current  motor?  How  is  this  difficulty  met? 
Why  is  there  a  large  number  of  commutator  segments? 

6.  Sketch  a  vector  diagram  of  the  motor?  How  is  the  speed  controlled? 
Where  is  this  type  of  motor  used? 

6.  What  is  the  nature  of  the  induced  electromotive  forces  in  a  gramme-ring 
armature  having  a  commutator,  when  the  armature  is  placed  in  a  single- 
phase  alternating-current  field?  What  occurs  when  the  brushes  are  short- 
circuited  and  placed  in  the  geometrical  neutral?  When  these  brushes  are 
placed  parallel  to  the  pole  axis?  Why  is  no  torque  developed  in  either 
case? 

7.  Why  is  torque  developed  when  the  brush  axis  makes  some  angle 
greater  than  zero  and  less  than  90°  with  the  pole  axis?  How  is  the  direction 
of  rotation  controlled?  How  may  the  field  structure  be  wound  so  that  the 
brushes  may  be  left  in  the  geometrical  neutral? 

8.  Why  are  repulsion  motors  made  with  uniform  air-gaps  rather  than  with 
salient  poles?  What  is  the  nature  of  the  speed  and  torque  curves  of  the 
repulsion  motor? 

9.  Show  that  a  single-phase  alternating-current  field  can  be  replaced  by 
two  fields  rotating  around  the  air-gap  in  opposite  directions.  Sketch  the 
slip-torque  curve  due  to  each  of  these  two  fields.  How  may  the  fact  that 
the  single-phase  induction  motor  has  no  starting  torque  be  explained  by 
these  curves?  How  do  they  explain  the  fact  of  the  motor  accelerating  in 
the  direction  in  which  it  is  started? 

10.  By  means  of  a  sketch  show  the  position  of  the  rotor  ampere-turns  of 
an  induction  motor  when  the  transformer  currents  alone  are  considered. 
Show  the  direction  of  the  magnetic  field  which  these  ampere-turns  produce. 

11.  Show  that  a  speed  electromotive  force  in  time-phase  with  the  single- 
phase  flux  is  produced  by  the  rotation  of  the  armature  conductors.  What 
flux  is  due  to  the  current  produced  by  this  speed  electromotive  force  and 
what  is  its  sp9,ce  position?    Why  do  the  combined  effects  of  this  field  and  of 
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the  speed  field  produce  a  rotating  magnetic  field?     How  do6S  this  in  part 
explain  the  operation  of  the  single-phase  induction  motor? 

12.  What  is  the  approximate  ratio  of  weights  of  single-phase  to  poly- 
phase induction  motors  of  the  same  ratings?  How  may  a  three-phase 
induction  motor  be  operated  single-phase?  What  is  often  the  cause  of  a 
polyphase  motor  over-heating  when  carrjdng  its  normal  load? 

13.  Describe  the  manner  in  which  the  initial  starting  torque  of  a  single- 
phase  motor  may  be  obtained  by  spUtting  the  phase.  What  is  the  order  of 
magnitude  of  this  starting  torque?  Show  how  the  phase  may  be  split  by 
the  use  of  resistance  and  inductance;  by  the  use  of  resistance  and  capacitance. 

14.  Discuss  the  operation  of  the  "shaded-pole"  as  a  method  of  starting 
single-phase  motors.  How  is  the  repulsion  motor  principle  utilized  in  starts 
ing  the  Wagner  Single-Phase  Induction  Motor?  What  operation  converts 
the  motor  from  a  repulsion  motor  to  an  induction  motor? 

16.  Upon  what  principle  does  the  phase  converter  operate?  What 
advantage  is  derived  by  its  use  on  railway  locomotives?  Make  a  diagram 
of  connections  showing  how  the  single-phase  power  received  at  high  voltage 
from  the  trolley  is  converted  into  low  voltage  three-phase  power  for  use  in 
the  motors  of  the  railway  locomotive. 

16.  Make  a  diagram  of  connections  showing  the  relation  of  field  windings 
to  armature,  etc.,  in  the  General-Electric  Repulsion-Induction  Motor. 
How  is  this  motor  reversed? 

17.  What  unique  feature  is  embodied  in  the  armature  of  the  Wagner,  type 
BK  motor?  What  excellent  operating  characteristics  are  claimed  for  this 
motor? 

QUESTIONS  ON  CHAPTER  X 

1.  Compare  the  design  of  the  alternator  with  that  of  the  sjoichronous 
motor. 

2.  Show  that  at  standstill  the  average  torque  of  the  single-phase  syn- 
chronous motor  is  zero  and  that  in  order  to  develop  a  continuous  torque 
either  the  moving  conductor  or  the  moving  pole  must  cover  a  distance  equal 
to  one  pole  pitch  every  half  cycle.  What  is  the  relation  between  speed, 
frequency  and  number  of  poles? 

3.  What  reaction  occurs  in  the  direct-current  shunt  motor  which  enables 
it  to  take  more  current  when  additional  load  is  applied?  Show  that  the 
reaction  in  the  synchronous  motor  under  similar  conditions  cannot  be 
exactly  the  same  as  that  of  the  shunt  motor. 

4.  What  is  the  first  reaction  which  occurs  when  load  is  applied  to  any 
motor?  What  resulting  reaction  follows  in  the  case  of  the  synchronous 
motor?  Show  that  the  current  taken  by  a  sjmchronous  motor  when  the 
angular  position  of  the  rotor  is  slightly  retarded,  is  mostly  energy  current. 

6.  What  are  the  reactions  which  follow  an  increase  of  the  excitation  of  a 
direct-current  shunt  motor?  Why  cannot  these  reactions  occur  in  a  sjni- 
chronous  motor? 

6.  What  two  reactions  permit  the  synchronous  motor  to  operate  when  its 
field  current  is  increased  above  the  normal  value?  Show  that  the  induced 
armature  voltage  can  be  numerically  greater  than  the  terminal  voltage. 
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When  the  sjmchronous  motor  is  over-excited  what  must  bc  the  phase  re- 
lation between  its  current  and  its  terminal  voltage?  Illustrate  by  a  vector 
diagram. 

7.  What  effect  is  noted  when  the  field  of  a  direct-current  shunt  motor  is 
weakened?  Why  cannot  these  reactions  occur  when  the  field  of  the  syn- 
chronous motor  is  weakened? 

8.  What  is  the  effect  of  a  lagging  current  upon  the  field  of  a  synchronous 
motor?  Upon  the  relation  of  the  induced  to  terminal  voltage?  Make 
a  vector  diagram  for  the  motor  when  operating  under-excited. 

9.  Why  is  a  synchronous  motor  able  to  operate,  even  without  direct- 
current  excitation?  Whence  does  it  obtain  its  excitation  under  these: 
conditions? 

10.  Sketch  a  synchronous  motor  V-curve.  Show  the  point  of  imity  powers 
factor,  the  region  of  lagging  current,  and  the  region  of  leading  current. 
Sketch  another  V-curve  in  which  the  power  is  twice  that  of  the  original 
curve.  How  is  the  position* of  this  curve  determined?  What  is  meant 
by  " normal"  excitation  and  how  does  this  vary  with  the  motor  load? 

11.  Give  two  reasons  for  building  squirrel-cage  or  ''amortiBseur" 
windings  around  the  poles  of  a  synchronous  motor.  Analyze  the  reactions 
by  which  an  amortisseur  winding  stabilizes  the  operation  of  the  synchronous 
motor. 

12.  Describe  the  method  of  starting  a  synchronous  motor  by  means  of  an 
auxiliary  motor.  What  types  of  motor  are  used  for  this  purpose?  What 
are  the  objections  to  their  use? 

13.  What  is  the  sequence  of  operations  in  starting  a  synchronous  motor 
by  means  of  its  direct-current  generator?  What  objection  is  there  to 
starting  a  motor  in  this  way? 

14.  By  what  process  may  the  synchronous  motor  start  of  itself?  Why  is 
a  compensator  used?  Of  what  order  of  magnitude  is  the  starting  torque? 
When  should  the  direct-current  field  be  closed? 

16.  Analyze  closely  the  method  by  which  the  synchronous  motor,  when 
starting  as  an  induction  motor,  is  able  to  pull  into  synchronism  even 
without  direct-current  excitation. 

16.  What  happens  at  the  time  of  closing  the  field  switch  if  the  direct- 
current  excitation  opposes  the  field  built  up  by  armature  reaction?  What 
should  be  the  position  of  the  starting  device  when  the  field  switch  is  closed, 
and  why? 

17.  How  may  correct  polarity  of  the  field  poles  be  insured  so  that  little 
or  no  disturbance  results  when  the  field  switch  is  closed? 

18.  Why  is  it  necessary  to  insulate  the  field  coils  of  a  synchronous  motor  • 
for  a  voltage  several  times  the  normal  operating  voltage?  How  may  the- 
electromotive  force  induced  in  the  field  be  reduced? 

19.  Why  are  synchronous  motors,  running  without  load,  often  installed 
at  various  points  of  power  systems?  What  is  the  motor  called  when  oper- 
ating under  these  conditions? 

20.  What  is  the  distinct  advantage  of  using  a  synchronous  motor  drive  in. 
certain  instances? 
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21.  Show  by  a  vector  diagram  how.it  is  possible,  to  control  the  voltage 
at  some  point  on  a  system  by  means  ol:  a  synchronous  motor  orrssrnchronons 
condenser.  What  condition  is  necessary  in  order  that  the.  voltage  at.  the 
motor  be  raised  to  a  value  higher  than  that  of  the  rest  of  the. system?  What 
degree  of  excitation  is  necessary  in  order  that  the  voltage;  may  baraised? 
Sketch  the  connections  of  a  motor,  together  with  the  necessary  instruments 
for  making  tests  when  the  motor  is  used  as  a  voltage-controUing  device^ 

22.  Why  are  single-phase  synchronous  motors. not  common? 

23.  What  are  the  advantages  of  the  polyphase  synchronous  motor  over 
the  polyphase  induction  motor?  What  are  its  disadvantages?  Under 
what  conditions  should  it  be  used? 

24.  Describe  two  simple  types  of  synchronous  motor  which  are  of  very 
small  size.  Upon  what  property  of  the  magnetic  circuit.do  they  depend  for 
their  operation?  From  where  do  they  obtain  their  field  excitation?  For 
what  purposes  are  such  motors  used? 

PROBLEMS  ON  CHAPTER  X 

129.  A  100-kv-a.,  600-volt,  Y-connected,  three-phase  synchronous  motor 
has  the  following  constants. 

Armature   resistance,  per.  coil  =  0.08  ohm. 
Synchronous  reactance  per  coil  =  1.0  ohm. 

Determine  the  back  electromotive  force  of  the  motor  for  a  current  of 
100  amp. 

(o)  When  the  power-factor  of  the  motor  is  unity. 

(b)  When  the  current  leads  the  terminal  volts  by  approximately  90**. 

(c)  When  the  current  lags  the  terminal  volts  by  approximately  90**. 
(Note:  In  (6)  and  (c)  the  resistance  drop  may  be  neglected.) 

130.  The  motor  of  problem  129  requires  a  field  current  of  30  amp.  at 
110  volts  and  the  core  and  friction  losses  are  3,000  watts  when  the  motor 
is  operating  at  unity  power-factor  at  its  rated  load.  What  is  its  output  in 
hp.  and  what  is  its  eflSciency  at  this  load? 

131.  Figure  131  (A)  shows  four  V-curves  for  a  200-kv-a.,  60Q-volt,  syn-r 
chronous  motor. 

(a)  Indicate  the  kilowatt  input  at  which  each  curve  was  obtained. 
(6)  Draw  lines  through  points  of  unity  power^f actor  and  of  0.75  power- 
factor,  leading  and  lagging  current. 

132.  The  synchronous  motor  of  problem  131  is  connected  in  parallel  with 
a  load  of  150  kilowatts  at  600  volts  and  0.6  power-factor,  lagging  current. 
The  motor  runs  light  without  load.  To  what  value  must  its  excitation  be 
adjusted  in  order  to  bring  the  system  power-factor  up  to  unity?  (Use 
lowest  curve.  Fig.  131^4.) 

133.  Repeat  problem  132  except  that  the  power-factor  is  brought  up  to 
0.9.     How  many  kv-a.  must  the  motor  take  in  each  case? 

134.  What  is  the  maximmn  power-factor  which  the  S3rstem  can  have  in 
problem  132  if  the  motor  carries  a  load  of  150  kw.?  It  must  not  beover* 
loaded.     What  is  the  value  of  the  field  current? 

32 
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13B.  A  500-kw.,  2,300-volt,  three-phase  load  has  an  avBragB  pomv-faotor 
of  O.S,  lagging  cmrcnt.  How  many  leading  quadrature  kv-a.  an  nocMaaty 
to  raise  its  poncr-factor  to  0.6?  0.8?  0.9?  1.0?  Plot  a  curve  with  power- 
factor  aa  abwsisB.is  ttad  kv-a.  as  ordinatea. 

136.  What  size  synchronous  motor  would  be  necessary  to  raise  the  powei^ 
factor  of  problem  135  to  unity  and  at  the  same  time  take  SOO  kw.  from  the 
line  in  order  to  carry  its  mechanical  load? 

137.  Repeat  problem  136  except  that  the  power-factor  is  raiaed  only  to 
0.9. 
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1S8.  A  48-pole,  GO-cycle,  synchronous  motor  shows  a  tendency  to  hunt. 
How  many  space-degreea  either  side  of  its  true  position  may  its  rotor  swing 
if  its  back  electromotive  force  may  have  a  phase  displacement  of  not  mor« 
than  10  time-dcKreea? 

QUESTIONS  ON  CHAPTER  XI 

1.  Give  several  uses  of  electrical  power  in  which  it  is  impossible  to  employ 
alternating  current. 

2.  Make  a  sketch  showing  the  method  of  operation  of  the  rectifying 
commutator.  What  are  the  disadvantages  of  this  type  of  rectifier?  For 
how  large  capacities  is  it  possible  to  operate  this  type  of  rectifier? 

3.  Upon  what  principle  does  the  mercury-arc  rectifier  operate?  Why  are 
two  anodes  usually  employed?  Why  is  it  necessary  to  have  reactance  in 
circuit?  Sketch  the  diagram  of  connections  which  would  be  used  for 
charging  a  low-voltage  storage  battery  and  trace  the  current  flow,  explaining 
carefully  the  operation  of  the  auto- transformer.  Why  is  a  starting  anode 
desirable? 

4.  What  ia  the  underlying  principle  of  the  tungar  rectifier?  Why  ai« 
the  electrons  repelled  from  the  incandescent  filament  during  one  half- 
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cycle  and  attracted  during  the  other  half -cycle?     What  are  the  approximate 
efficiency  and  maximum  capacity  of  this  type  of  device? 

6.  What  property  has  aluminum,  when  immersed  in  certain  salt  solutions, 
which  makes  it  possible  to  utilize  it  in  the  rectification  of  alternating  cur- 
rents? Sketch  a  wiring  diagram  of  such  a  rectifier  which  rectifies  every 
half-cycle.  What  are  the  disadvantages  and  the  limits  of  capacity  for  this 
tjrpe  of  rectifier? 

6.  What  common  methods  may  be  used  to  convert  alternating  to  direct 
current  on  a  large  scale  ?    Name  the  disadvantages  of  each  tjT)e  of  apparatus. 

7.  Name  the  machines  whose  principles  are  embodied  in  the  synchronous 
converter.  Just  how  is  the  converter  armature  connected?  How  is  power 
supplied  to  the  ordinary  converter  armature?  What  power  is  taken  from 
the  armature?  Name  the  different  types  of  familiar  machines  for  which 
the  converter  may  be  used. 

8.  Under  what  operating  conditions  is  the  synchronous  converter  called 
^'direct"?     "Inverted"? 

9.  Indicate  the  points  at  which  the  sUp-ring  taps  connect  to  the  winding 
in  a  four-phase,  two-pole  converter.     Four-phase,  four-pole  converter. 

10.  Repeat  (9)  for  a  three-phase,  two-pole  converter  and  a  three-phase, 
four-pole  converter.  How  many  taps  will  an  eight-pole,  six-phase  converter 
have?  What  special  restriction,  not  necessary  with  the  ordinary  direct 
current  winding,  is  imposed  on  the  converter  winding?     Why? 

11.  Compare  the  number  of  active  conductors  between  brushes  with  the 
number  between  slip-ring  taps  in  the  single-phase  converter.  How  is 
the  resulting  voltage  between  direct-current  brushes  obtained?  Between 
slip-ring  taps?     What  is  the  relation  between  the  two? 

12.  Show  by  a  circle  and  an  inscribed  polygon  how  the  individual  in- 
ductor voltages  of  a  converter  add.  Indicate  how;  (a)  the  single-phase  volt- 
age is  obtained;  (6)  the  three-phase  voltage;  (c)  the  four-phase  voltage; 
(d)  the  six-phase  voltage. 

13.  Knowing  the  voltage  relations  in  a  converter  armature,  derive  the 
ratio  of  the  direct  current  to  the  alternating  current  per  terminal  in  (a) 
the  single-phase  converter,  (6)  the  three-phase  converter,  (c)  the  four-phase 
converter;  (d)  the  six-phase  converter.  Show  the  effect  of  efficiency  and 
power-factor  on  these  ratios. 

14.  Sketch  the  variation  of  the  direct  current  in  a  single  conductor  midway 
between  slip-ring  taps,  as  it  takes  successive  positions  in  its  rotation. 
Sketch  the  alternating  current  in  this  same  conductor  for  corresponding 
positions  when  the  current  is  in  phase  with  the  induced  emf.  Find  the 
resultant  current. 

16.  Repeat  (14)  for  a  conductor  at  one  of  the  slip-ring  taps. 

16.  Repeat  (15)  for  a  power-factor  considerably  less  than  unity. 

17.  What  is  the  effect  on  the  resultant  current  curve  of  increasing  the 
number  of  phases? 

18.  Why  does  increasing  the  number  of  phases  materially  increase  the 
rating  of  a  converter?  Why  does  the  efficiency  of  a  converter  decrease  more 
rapidly  with  a  decrease  in  power-factor  than  it  does  in  most  other  types  (A 
apparatus? 
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19.  Compare  commutation  in  a  converter  when  operating  aa  such  and 
when  operating  as  a  direct-current  generator  carrying  the  same.  RmuI. 
Why  does  the  very  materially  increased  armature  current  resulting  from 
low  power-factors  have  Uttle  distorting  effect  on  the  main  fields?  What  is 
its  effect  on  commutation? 

20.  Why  are  commutating  poles  desirable  in  synchronous  oonverteiB 
even  although  the  main  field  is  not  distorted  to  any  considerable  esctent 
by  armature  reaction? 

21.  Why  are  the  voltage  ratios  in  a  converter  almost  constant  under 
operating  conditions?  Why  is  it  possible  to  modify  the  ratio  of  the  direct 
to  the  alternating  voltage  a  small  amount  by  changing  the  excitation? 

22.  Explain  how  a  series  reactance  may  be  used  to  control  the  direct- 
current  voltage.  When  may  a  separate  reactance  be  omitted?  State  the 
disadvantages  of  this  method  of  voltage  control. 

28.  Explain  the  use  of  the  induction  regulator  as  a  means  of  controlling 
the  direct-current  voltage.     What  is  the  objection  tothe  use  of  the  regulator? 

24.  Explain  the  operation  of  the  series  booster.  What  are  its  advantages 
and  its  disadvantages? 

26.  Why  is  it  impracticable  to  control  the  direct-current  voltage  by 
changing  to  different  transformer  taps  when  the  converter  is  in  operation? 

26.  Explain  the  underlying  principle  of  the  split-pole  method  of  voltage 
control. 

27.  Sketch  a  diagram  of  connections,  including  all  instrumentSi  which 
would  be  used  in  determining  the  various  characteristics  of  the  converter. 
What  characteristics  is  it  instructive  to  determine?  How  should  they  be 
plotted? 

28.  Why  are  transformers  almost  always  necessary  with  synchronous 
converters?  Sketch  the  connections  of  the  double- Y,  six-phase  secondary 
connection,  showing  the  primaries  in  either  Y  or  delta.  Indicate  the 
voltage  at  each  point,  assuming  220  volts  between  the  three-phase  lines  on 
the  primary  side.     What  is  the  advantage  of  this  system? 

29.  Repeat  (28)  for  the  double-delta  connection  of  secondaries. 

30.  How  does  the  rating  of  a  synchronous  converter,  when  operating 
inverted,  compare  with  its  rating  when  operating  direct?  Why?  How  do 
the  speed  relations  in  the  two  cases  compare?  Show  by  careful  analysis 
the  sequence  of  reactions  which  may  cause  an  inverted  converter  to  race. 
What  means  are  used  to  prevent  racing? 

31.  By  what  reactions  does  a  synchronous  converter  armature  start  ro- 
tating when  polyphase  currents  are  supplied  to  its  slip-ring??  What  is  & 
sectionalizing  switch,  and  what  should  be  its  position  when,  starting  the 
converter  from  the  alternating-current  side?  Why  is  it  necessary  to  open 
the  series-field  shunt,  etc.?  When  starting,  why  does  sparking  take  place 
under  the  brushes  even  with  no  direct-current  load?  Why  are  brush-lifting 
devices  necessary? 

32.  How  does  the  armature  pull  into  S3mchronism?  What  effects  oeour 
if  the  shunt-field  current  opposes  the  field  built  up  by  armature  reaction? 
How  may  the  continual  ''slipping  of  a  pole"  be  stopped? 
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83.  Ijive  two  methods  by  which  the  direct-current  polarity  may  be  re- 
versed, if  necessary. 

34.  Describe  how  the  speed  of  rotation  in  space  of  the  field  produced  by 
the  armature  currents  becomes  less  and  less,  during  starting,  as  the  armature 
speed  approaches  synchronism.  How  does  this  afifect  commutation? 
Describe  the  behavior  of  a  direct-current  voltmeter  connected  across  the 
brushes  during  the  starting  period.     When  should  the  field  switch  be  closed? 

35.  How  may  the  armature  be  induced  to  build  up  the  field  poles  to  the 
right  polarity  and  so  insure  the  correct  direct-current  polarity  at  the 
brushes? 

36.  Describe  briefly  the  procedure  of  starting  a  synchronous  converter 
by  means  of  an  auxiliary  machine. 

37.  Give  the  connections  of  both  the  shunt-  and  the  series-field  circuits 
of  a  synchronous  converter  when  it  is  started  from  the  direct-current 
side.  Why  should  the  switch  between  the  transformer  secondaries  and  the 
slip-rings  be  opened  during  the  starting  period?  What  difficulty  is  en- 
countered in  S3mchronizing? 

38.  Discuss  the  operation  of  synchronous  converters  in  parallel.  How 
many  equalizers  may  be  required?  How  are  the  loads  between  machines 
adjusted?  Why  is  it  preferable  that  each  converter  have  its  own  trans- 
former bank? 

39.  Why  may  synchronous  converters  operating  in  parallel  show  a 
tendency  to  run  away  under  some  circumstances?  Describe  methods  which 
are  used  to  prevent  synchronous  converters  from  thus  running  away. 

40.  What  is  the  principle  by  which  a  neutral  is  obtained  in  the  three-wire 
generator?  Wh}^  is  it  undesirable  to  use  three  single  secondaries  connected 
in  Y  when  obtaining  a  neutral  ?  How  may  a  Y-oonnection  be  uted  and  at  the 
same  time  direct-current  magnetization  of  the  core  be  prevented? 

41.  Sketch  the  complete  connections  of  a  three-wire,  six-f^ia«e  synehro- 
nous  converter  having  two  series  fields,  where  the  transformer  seeoodaries 
are  connected  d-phase  star. 

PROBLEMS  OV  CHAPTER  XI 

189.  It  is  desired  to  seeure  a  200-kw.  synebronous  eonv«-ter  and  Hm  trans- 
formers for  changing  three-fdiase,  6,60D-volt  power  into  115  volts  direct 
current.  The  converter  has  three  sUp-rings  and  the  irtLsaiornken  axe 
connected,  primarieB  in  delta  and  seoondaxies  in  Y.  The  converter  has 
an  efficiency  of  90  per  cent,  and  the  transformer  bank  an  effieieney  of 
97.8  per  cent.  When  the  converter  operates  at  95  per  cent,  power-^aetor 
determine: 

(a)  Tike  direct-current  rating  of  tbe  converter. 

(bj  The  ahemating  current  per  sHp-ring. 

(c)  The  rating  in  kilovoIt-fimpereB,  amperes,  wood  rohm  of  the  traacfonner 
secondaries. 

(d,  The  power  input,  tbe  current,  «nd  ihe  -vokba^  of  eadb  tnmrfmmicr 
primani-  when  the  converter  is  delivcsing  xsted  output. 
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140.  A  converter  similar  to  that  of  problem  139  has  six  slip-nngs  and  is 
operated  six-phase.  This  increases  its  efficiency  to  92  per  cent.  The 
transformers  are  connected,  the  primaries  in  delta  and  the  secondaries 
six-phase  diametrical.  When  the  converter  is  delivering  200  kw.  and  oper- 
ating at  95  per  cent,  power-factor  (see  Fig.  140il)  determine: 

(a)  The  voltages  -&i-j,  Er-tt  etc. 

(b)  The  voltages  Ei-t,  Ez-i,  J^r-i. 

(c)  The  diametrical  voltages  J^i-4,  J^jtb,  etc. 

(d)  The  current  in  each  transformer  secondary. 

What  is  the  probable  rating  of  the  converter  under  these  new  conditiona, 
and  have  the  transformers  now  the  proper  rating? 
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Fig.  140il. 


141.  K  three  other  transformers  having  the  same  kilovolt-ampere  rating 
as  those  in  problem  140  be  connected  primaries  in  Y  and  secondaries  in 
double- Y,  with  connected  neutrals,  determine: 

(o)  The  rating  of  each  primary,  in  kilovolt-amperes,  volts,  and  amperes, 
assuming  200  kw.  output  of  the  converter. 

(&)  All  possible  voltages  obtainable  from  the  transformer  secondaries. 

142.  A  500-kw.  synchronous  converter  is  to  be  installed  for  supplying 
230- volt,  three- wire,  direct-current  service.  The  alternating-current  supply 
is  13,800  volts,  60-cycles. 

Make  a  complete  diagram  of  connections  such  as  would  be  necessary  for 
obtaining  the  required  direct-current  service.  Indicate  the  currents  and 
voltages  at  each  point.  Obtain  the  efficiencies  of  the  various  parts  of  the 
system  from  data  already  given. 

QUESTIONS  ON  CHAPTER  XH 

1.  Why  is  alternating  current  particularly  well  adapted  for  transmitting 
power  over  considerable  distances?  What  difficulties  are  encountered 
when  direct  current  is  similarly  used? 

2.  State  the  advantages  of  polyphase  transmission.    Which  of  the  poly- 
phase systems  is  most  commonly  used  and  why?    Under  what  conditiona 
is  single-phase  occasionally  used? 
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8.  Why  are  6, 600- volt  generators  commonly  used  when  the  transmission 
voltage  is  high?  What  rough  basis  can  be  used  for  determining  the  trans- 
mission voltage  ?  What  economic  considerations  are  involved  in  determining 
this  voltage? 

4.  Give  the  principal  links  in  a  power  system  which  distributes  power  to 
large  and  small  consumers  located  at  a  considerable  distance  from  the 
point  of  generation  of  power.  State  the  considerations  which  govern  the 
selection  of  each  of  these  links. 

6.  Why  are  the  voltages  ordinarily  selected  for  power  and  for  lighting 
purposes  usually  different?  Why  should  the  secondaries  of  lighting  trans- 
formers be  grounded? 

6.  Name  the  various  types  of  apparatus  which  may  be  installed  in  a  sub- 
station, giving  the  type  of  service  wliich  each  supplies. 

7.  Make  a  sketch  of  the  magnetic  field  existing  between  the  two  parallel 
conductors  of  a  single-phase  transmission  line.  What  effect  does  this 
field  have  on  the  operation  of  the  line? 

8.  On  what  two  factors  does  the  inductance  of  such  a  line  depend  ?  Dis- 
tinguish between  the  inductance  of  the  circuit  loop  and  that  of  a  single  wire. 

9.  Sketch  the  magnetic  field  which  may  exist  at  some  particular  instant 
in  the  region  between  the  three  conductors  of  a  three-phase  transmission 
line,  these  conductors  being  symmetrically  spaced.  What  is  the  general 
nature  of  the  field  existing  in  this  region  and  what  is  its  effect  on  the  operation 
of  the  transmission  system? 

10.  On  what  three  factors  does  the  reactance  per  conductor  of  a  three- 
phase  system  depend? 

11.  Sketch  the  electrostatic  field  which  exists  between  the  two  conductors 
of  a  single-phase  transmission  system.  On  what  two  factors  does  the 
capacitance  existing  between  two  such  wires  depend? 

12.  Show  that  a  thin  fictitious  plane  may  be  inserted  midway  between 
two  parallel  wires  and  perpendicular  to  their  plane  without  disturbing 
the  electrostatic  field  between  these  conductors.  With  this  as  a  basis, 
replace  the  capacitance  between  conductors  by  two  series-connected 
condensers.  What  is  the  ratio  of  the  capacitance  of  each  of  these  con- 
densers to  the  capacitance  between  the  line  conductors? 

18.  Replace  the  actual  capacitance  which  exists  between  synmietrically- 
spaced  three-phase  lines  by  two  different  arrangements  of  condensers. 
Which  of  these  two  arrangements  is  ordinarily  considered  and  why? 

14.  What  close  approximation  as  to  wire  spacing  may  be  used  when  trans- 
mission conductors  are  not  located  at  the  comers  of  an  equilateral  triangle? 

16.  State  some  of  the  advantages  of  splitting  a  single-phase  transmission 
line  along  a  fictitious  neutral  and  using  the  quantities  to  neutral  when 
working  out  the  line  characteristics. 

16.  Why  can  the  ground  be  considered  as  having  no  resistance  and  no 
inductance  although  such  is  actually  not  the  case? 

17.  Given  the  line  resistance  and  reactance,  the  load  voltage,  current 
and  power-factor,  show  by  means  of  a  vector  diagram  the  method  of  ob- 
taining the  voltage  at  the  sending  end  of  the  line. 
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18.  Show  that  a  three-phase  line  may  be  split  into  three  single  lines,  any 
one  of  which  may  be  used  for  purposes  of  calculation.  Why  can  the  groimd 
be  considered  as  having  zero  resistance  and  zero  reactance  under  these 
conditions? 

19.  How  is  the  capacitance  of  a  line  actually  distributed?  For  purposes 
of  calculation  how  may  this  total  capacitance  be  distribated?  What  effect 
does  the  current  taken  by  each  condenser  have  on  the  line  behavior?  The 
generator  load? 

20.  What  is  the  general  nature  of  ''corona"?  Upon  what  factors  does  its 
appearance  depend?  Upon  what  parts  of  a  conductor  does  it  first  appear? 
How  may  corona  loss  on  transmission  lines  be  minimized? 

21.  What  factors  may  cause  abnormal  voltage  rise  in  a  power  system? 
What  is  the  purpose  of  a  lightning  arrester?  What  four  properties  should 
lighting  arresters  possess? 

22.  Describe  the  multigap  arrester,  discussing  its  operation.  What  is 
the  weak  point  in  this  type  of  arrester? 

23.  On  what  principle  does  the  homgap  operate?  Why  is  it  necessary 
to  use  resistance  or  reactance  in  series  with  such  a  gap?  What  are  the 
disadvantages  of  the  homgap  arrester? 

24.  What  is  the  underlying  principle  of  the  aluminiun  cell  arrester? 
Why  can  an  alternating  current  flow  into  such  an  arrester  when  a  direct 
current  cannot,  even  though  the  film  is  intact  in  both  cases? 

26.  Describe  the  characteristics  which  make  such  a  device  an  excellent 
li^tning  arrester.  What  is  the  general  arrangement  of  the  individual  cells 
in  the  actual  arrester?     Why  is  oil  used? 

26.  Why  is  there  a  short  homgap  in  series  with  each  arrester?  Why 
is  it  necessary  to  ''charge''  such  arresters  at  intervals?  Sketch  the  con- 
nections of  an  arrester  designed  to  protect  a  three-phase  ungrounded  system. 

27.  Sketch  the  connections  showing  the  position  of  the  arrester,  the 
choke  coil  with  relation  to  the  incoming  (or  outgoing)  line,  and  of  the 
apparatus  which  it  is  designed  to  protect. 

28.  State  the  advantages  of  pin-type  insulators  for  low  and  moderate 
voltages.  What  are  their  limitations  at  the  higher  voltages?  What 
materials  are  used  for  these  insulators,  and  what  are  their  relative  advantages 
and  disadvantages?    Why  are  the  larger  units  made  up  in  sections? 

29.  In  what  manner  does  the  suspension-type  of  insulator  support  the 
line  conductors?  What  are  the  advantages  of  this  typte  of  insulator  over 
the  pin- type? 

30.  Under  what  conditions  are  wooden  poles  employed  as  line  supports? 
Steel  poles?    Steel  towers?    Compare  steel  towers  and  steel  poles. 

31.  What  is  meant  by  "flexible  tower"  construction?  Under  what  con- 
ditions are  flexible  towers  used  and  what  are  their  advantages? 

32.  What  is  the  function  of  the  subnstation?  Sketch  roughly  the  con- 
nections of  a  transformer  subnstation. 

33.  By  what  t3rpes  of  apparatus  is  direct  current  obtained  from  alter- 
nating-current supply?  Compare  the  advantages  and  disadvantages  of 
these  different  types. 
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34.  Why  is  it  difficult  to  break  a  high-voltage  power  arc  in  air?  Discuss 
briefly  the  construction  of  an  oil  switch  for  high  voltages.  Why  is  it  neces- 
sary that  the  case  be  designed  to  withstand  high  pressures? 

85.  What  special  care  must  be  used  in  carrying  high-voltage  lines  into 
stations?  What  care  should  be  taken  in  the  location  of  the  various  types 
of  apparatus? 

36.  What  are  the  economic  necessities  which  have  developed  the  outdoor 
sub-station?  In  what  way  does  the  apparatus  for  such  a  station  differ 
from  that  of  an  indoor  station? 

PROBLEMS  ON  CHAPTER  XU 

143.  Calculate  the  inductance  per  mile  of  a  two-conductor  distributing 
line  of  2/0  sohd  conductors  spaced  2  ft.  apart.  What  is  the  inductance  if 
the  distance  between  the  wires  is  4  ft.  ? 

144.  What  is  the  reactance  per  conductor  at  60  cycles  of  4  miles  of  the 
hues  of  problem  143?  What  is  the  maximum  allowable  current  if  it  is 
necessary  that  the  reactive  voltage  drop  shall  not  exceed  250  volts  in  the 
two  wires?     What  is  the  total  impedance  drop  per  wire? 

145.  A  three-phase  distribution  line  consists  of  three  4/0  soUd  conductors 
symmetrically  spaced,  the  distance  between  conductors  being  30  in.  (a) 
What  is  the  reactance  per  wire  per  mile  of  this  line  when  the  frequency  is 
25  cycles  per  second?  60-cycles  per  second?  (6)  What  is  the  impedance 
under  those  conditions? 

146.  What  is  the  capacitance  to  neutral  per  mile  of  the  line  in  problem 
143?  What  is  the  charging  current  when  there  is  6,900  volts  between  con- 
ductors and  the  frequency  is  60  cycles  per  second? 

147.  A  30-mile  transmission  line  consists  of  two  4/0  conductors  spaced 
3  ft.  apart,  (o)  What  is  the  capacitance  to  neutral  of  this  system?  (6) 
What  is  the  60-cycle  charging  current  if  the  voltage  is  26,400  volts  between 
conductors? 

148.  Compute  the  capacitance  to  neutral  per  conductor  and  the  charging 
current  per  conductor  in  problem  147,  if  the  system  is  changed  to  a  three- 
phase  system  by  the  addition  of  a  third  conductor  similar  to  the  other  two 
and  equally  spaced  from  them.  The  voltage  between  wires  is  the  same  in 
both  cases. 

149.  The  voltage  at  the  receiving  end  of  the  line  with  the  2-foot  spacing  in 
problem  144  is  2,300  volts,  when  the  load  is  100  kw.  and  the  load  power- 
factor  is  unity,  (a)  What  is  the  voltage  at  the  generating  end?  (6)  What 
is  the  line  regulation?  (c)  What  is  the  power-factor  at  the  generating  end? 
Neglect  the  charging  current. 

160.  Repeat  problem   149  for  a  power-factor  of  0.8,  lagging  current. 

161.  Repeat  problem   149  for  a  power-factor  of  0.8,  leading  current. 
152.  It  is  desired  to  transmit  2,000  kw.,  single-phase,  a  distance  of  15 miles 

with  10  per  cent,  line  loss.  The  load  voltage  is  15,000  volts,  the  load  power- 
factor  is  0.7,  lagging  current,  the  frequency  is  25  cycles  per  second,  and  the 
conductors  are  spaced  30  in.  on  centers.    Find  (a)  the  voltage  drop  per 
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wire;  ^h,  the  generator  voltage;  ^r)  the  line  regulation;  and  (tf/the 
power-factor. 

163.  Given  transmimion  distance  20  miles;  load,  5,000  kw.;  load  ToHage^ 
.'}3/XjO  volte  between  conductors;  system,  three-phase;  frequeiiey,  00  cxdes 
per  second;  load  power-factor  of  0.85,  lagging  current;  spacing  of  oonducton, 
4S  in.;  permiiisible  line  lo&s,  10  per  cent,  of  receiver  power.  Find  (a)  fine 
regulation;  ^b)  generator  power-factor.     Neglect  the  charging  cunent. 

164.  Kepeat  problem  153  for  a  power-factor  of  0.85  leading  current. 

155.  .A  hydrr^;Ir;ctric  station  transmits  50,000  kw.,  three-phase,  00  cycles. 
a  distance  of  120  miles  over  a  line  consisting  of  three  0000  copper  conductora 
Hfiac'.'d  13  ft.  apart.  The  voltage  between  line  wires  at  the  sub-station  is 
140,000  volts;  the  power-factor  of  the  load  is  0.9,  lagging  current.  Find  <o.< 
line  regulation;  (h)  efficiency  of  transmission.  The  line  charging  cmrent 
should  be  taken  into  consideration. 

156.  Repeat  problem  155  for  a  power-factor  of  0.9.  leading  current. 

QUESTIONS  ON  CHAPTER  Xm 

1.  How  may  light  be  descril>ed?     What  is  illumination?    Photometry? 

2.  What  is  luminous  intensity?  In  what  units  is  it  measured?  What 
is  the  objection  to  the  use  of  the  candle  as  a  photometric  standard?  What 
photometric  standards  are  used  at  the  present  time? 

8.  Define  a  unit  solid  angle  or  ''steradian."  Wliat  are  its  geometrical 
profjcrties?     How  many  solid  angles  exist  about  a  point? 

4.  In  what  way  may  light  flux  be  considered?  In  what  way  is  it  com- 
parable to  magnetic  flux?  What  is  a  lumen?  Wliy  is  a  given  cone  of 
liglit  flux  confined  to  the  solid  angle?  How  many  limiens  would  a  standard 
candle  emit  if  its  intensity  in  all  directions  were  the  same  as  its  horizontal 
intensity? 

6.  Why  were  carbon  lamps  rated  in  mean  horizontal  candlepower? 
What  is  the  objection  to  this  method  of  rating?  Why  is  it  hi^ly  desirable 
at  the  present  time  to  rate  lamps  in  lumens?  What  is  the  relation  between 
lumens  and  mean  spherical  candlepower? 

6.  What  is  illumination?  What  is  the  unit?  To  what  does  it  correspond 
in  magnetism? 

7.  What  is  the  law  of  inverse  squares?  How  is  this  law  proved  geometric- 
ally? What  assumption  may  introduce  error  into  the  application  of  this 
law?  What  is  the  magnitude  of  this  error  and  how  may  it  be  made 
negligible? 

8.  What  is  meant  by  "absorption?"  What  types  of  surfaces  reflect 
the  largest  prorx)rtion  of  incident  light?  What  types  reflect  the  least? 
What  detfjrmincs  the  color  of  a  surface?  What  is  meant  by  the  ''coefficient 
of  al)Sorption"? 

9.  Why  docs  the  intensity  of  light  emanating  from  light  sources  usually 
vary  in  different  directions?  How  does  light  intensity  in  general  vary  in 
horizontal  planes  or  zones?  In  what  way  may  this  distribution  be 
represented?    In  what  regions  is  the  light  from  an  incandescent  lamp  of 
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the  greatest  intensity?    Of  the  least  intensity?    Of  what  commercial  use 
are  these  distribution  curves? 

10.  What  is  meant  by  incandescence?  How  does  the  light  emitted  by 
an  incandescent  substance  vary  with  its  temperature?  Does  this  bear 
any  relation  to  the  efficiencies  of  various  illuminants? 

11.  In  what  way  does  luminescence  differ  from  incandescence?  Give 
examples  of  luminescent  sources  of  light. 

12.  Name  two  essential  requirements  for  an  incandescent  lamp  filament. 
Why  was  a  carbon  filament  practically  the  only  satisfactory  filament  for  a 
number  of  years?  How  does  a  "G.  E.  M."  lamp  filament  differ  from  the 
ordinary  carbon  filament?  What  are  its  advantages?  What  are  the 
eflSciencies  of  these  two  filaments? 

13.  What  are  the  objections  to  a  carbon  filament?  Is  it  possible  to  in- 
crease the  eflSciency  of  a  carbon  filament  lamp?  What  must  be  sacrificed 
in  order  to  do  this?  What  is  the  approximate  life  of  a  carbon  filament 
lamp?  When  does  it  become  more  economical  to  throw  away  a  lamp 
rather  than  continue  its  use? 

14.  Why  does  a  tantalum  lamp  develop  a  higher  eflSciency  than  a  carbon 
lamp?  About  what  eflBciency  does  the  tantalum  lamp  develop?  What  is 
the  average  life  of  such  a  lamp?  What  is  its  peculiarity  when  used  with 
alternating  current? 

16.  Why  is  tungsten  particularly  well-adapted  to  being  used  for  lamp 
filaments?  What  is  the  difference  between  a  drawn  and  a  pressed  filament? 
Compare  the  two.  What  are  the  approximate  eflSciencies  of  "Mazda" 
lamps?  What  is  the  guaranteed  life  of  such  a  lamp?  Why  does  the 
tungsten  lamp  take  an  excessive  current  when  it  is  first  switched  on? 

16.  What  factor  limits  the  operating  temperature  of  the  vacuum  tungsten 
lamp?  What  two  effects  are  produced?  How  may  one  of  these  factors 
be  minimized? 

17.  What  is  the  basic  principle  of  the  gas-filled  lamp?  Why  is  an  inert 
gas  necessary?  Why  does  this  type  of  lamp  have  a  long  narrow  neck? 
Why  does  the  filament  differ  in  shape  from  that  of  the  vacuum  lamp? 
Why  are  the  efficiencies  higher  in  the  larger  um'ts?  How  may  daylight  be 
approximated  with  these  lamps? 

18.  What  is  the  basic  principle  of  the  arc  light?  Why  is  the  arc  a  high- 
efficiency  illuminant?  What  is  the  reason  that  the  arc  itself  cannot  be 
connected  directly  across  the- line?  What  is  the  "ballast"  and  approxi- 
mately what  percentage  of  the  power  is  lost  in  the  ballast? 

19.  What  is  the  principal  source  of  light  in  the  direct-current  arc? 
What  determines  the  relative  positions  of  the  two  electrodes?  Which  is 
consumed  the  faster? 

20.  Compare  the  alternating-current  arc  with  the  direct-current  arc. 
Why  is  a  reflector  very  desirable  in  the  alternating-current  lamp?  What 
advantage  has  the  alternating-current  multiple  arc  over  the  direct-current 
multiple  arc? 

21.  What  is  the  effect  of  enclosing  the  arc  upon  its  eflSciency  and  upon  the 
cost  of  operation?  What  are  the  advantages  of  the  enclosed  arc  over  the 
open  arc  ?     WTiere  are  open  direct-current  arcs  now  commonly  used  ? 
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22.  Distinguish  between  a  series  arc  and  a  multiple  arc.  Upon  what 
does  the  series  arc  depend  for  its  regulation?  What  is  the  object  of  the 
series  coil?  The  cut-out  switch?  Describe  the  operation  of  the  lamp  on 
starting. 

23.  Upon  what  factor  does  the  regulation  of  a  multiple  arc  depend? 
Why  are  the  carbons  touching  when  the  lamp  is  not  in  operation?  Why 
are  dashpots  used  in  lamp  regulating  mechanisms? 

24.  In  what  way  does  the  flame  arc  differ  from  the  ordinary  directr-current 
arc  as  regards  the  light  source?  How  may  the  color  of  the  light  be  con- 
trolled? WTiy  are  the  electrodes  consumed  very  rapidly  in  this  type  of 
lamp? 

26.  Give  one  reason  why  both  electrodes  feed  from  above  in  the  open 
flame  arc.  How  is  the  arc  flame  kept  burning  in  the  proper  position? 
Why  is  this  type  of  lamp  used  abroad  more  than  in  this  country?  How  does 
the  efficiency  of  this  lamp  compare  with  that  of  other  illuminants? 

26.  How  has  the  electrode  life  of  the  flame  arc  been  increased?  How  does 
the  efficiency  of  this  type  of  lamp  compare  with  that  of  the  previous  type? 
Name  one  good  feature  of  the  flame  arc. 

27.  Of  what  materials  do  the  positive  and  negative  electrodes  in  the 
magnetite  arc  consist?     Why  must  the  copper  always  be  the  anode? 

In  general  how  does  the  regulation  of  this  type  of  lamp  differ  from  that  of 
other  arcs?  Why  is  it  different?  What  is  the  number  of  homrs  that  the 
lamp  bums  per  trim?  What  is  the  efficiency  of  the  4.4-€unp.  arc?  Of  the 
6.6-amp.  arc? 

28.  What  is  the  principle  of  the  mercury  arc?  To  what  is  the  light  due? 
What  is  the  color  effect  produced  by  this  type  of  illuminant?  Is  it  injurious? 
What  is  its  physiological  effect?  How  may  the  illumination  be  made  more 
pleasing  when  these  lights  are  used?  What  is  the  efficiency  of  this  type  of 
lamp? 

29.  What  is  the  source  of  light  in  the  Moore  tube?  What  are  its  advan- 
tages?   Why  are  these  tubes  not  in  more  common  use? 

30.  What  is  the  principle  of  the  Nemst  lamp?  What  can  be  said  of  its 
light  and  its  efficiency?    WTiy  is  it  not  in  common  use? 

31.  Why  are  there  excellent  opportimities  for  itill  further  increasing  the 
efficiencies  of  illuminants? 

32.  What  is  photometry?  In  what  way  are  the  measurements  generally 
made?    Name  a  very  marked  source  of  error  in  photometric  measurements. 

33.  Upon  what  principle  is  the  Bunsen  photometer  screen  based?  How 
is  the  position  of  balance  determined?  How  is  the  candlepower  calculated 
after  a  balance  has  been  obtained? 

34.  Why  is  a  candle  itself  seldom  used  at  the  present  time  as  a  working 
photometric  standard?  What  are  used  as  standards?  Sketch  the  con- 
nections which  facilitate  voltage  adjustment  when  a  photometric  measure- 
ment is  being  made. 

35.  How  is  the  position  of  balance  determined  when  a  Lummer-Brodhun 
photometer  screen  is  used?  How  may  errors  due  to  differences  in  the  white 
screens  be  eliminated? 
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36.  Where  is  the  use  of  a  portable  photometer  often  necessary?  In 
what  way  do  portable  photometers  resemble  the  laboratory  type?  How 
do  they  differ? 

37.  What  is  the  standard  in  the  Sharp-Millar  photometer?  In  what 
way  is  the  standard  accurately  adjusted  ?  How  is  brightness  or  illumination 
measured?  How  is  the  candlepower  of  a  lamp  measured?  How  is  a 
balance  obtained  and  read?  How  may  the  range  of  the  instrument  be 
greatly  increased? 

38.  How  is  the  mean  horizontal  candlepower  of  a  lamp  determined  with 
one  photometer  setting?  How  may  the  candlepower  in  other  zones  be 
measured  in  a  similar  manner?  How  does  the  candlepower  in  a  vertical 
direction  of  an  incandescent  lamp  compare  with  that  in  the  horizontal 
direction? 

39.  Sketch  the  Rousseau  diagram,  showing  how  the  mean  spherical 
candlepower  may  be  determined  from  the  polar  distribution  diagram.  What 
is  meant  by  "spherical  reduction  factor?"  Of  what  use  is  a  knowledge 
of  its  value? 

40.  Why  are  reflectors  useful  even  although  they  absorb  a  considerable 
amount  of  light?  When  may  it  be  desirable  to  throw  hght  upward ?  Down- 
ward ?     How  is  this  accompUshed  ? 

41.  What  are  the  illuminants  most  generally  used  in  interior  illumina- 
tion? What  important  factors  must  be  considered  when  illuminating  an 
interior? 

42.  What  illumination  is  required  for  reading,  writing,  etc.?  When 
should  such  illumination  be  furnished  entirely  by  overhead  fixtures?  By 
individual  desk  lamps? 

43.  When  a  room  is  to  be  illuminated  by  a  single  unit  how  should  the 
reflector  differ  from  those  required  when  a  number  of  units  are  used? 

44.  What  is  indirect  Ughting?  What  is  its  chief  advantage?  What  are 
its  disadvantages?  How  are  these  disadvantages  overcome  by  the  use 
of  semi-indirect  fixtures? 

46.  Where  are  individual  lamps  required  in  factory  illumination?  How 
do  overhead  belts  and  traveling  cranes  affect  the  placing  of  the  lighting 
units? 

46.  In  what  way  does  street  illumination  differ  from  interior  illumination? 
How  do  the  lighting  intensities  compare  in  the  two  cases?  What  can  be 
said  of  reflected  Ught  in  comparing  the  two? 

47.  Why  may  uniform  street  illumination  be  objectionable?  Where  is 
street  hghting  of  uniform  intensity  used?  Why  is  its  use  considered  good 
engineering  under  these  conditions? 

48.  How  does  the  road  surface  assist  in  illumination?  What  is  meant 
by  "specular  reflection?"  How  does  automobile  trafiBc  affect  street 
illumination  problems?  How  may  the  improper  placing  of  lights  on  curves, 
etc.  be  the  cause  of  accidents? 

49.  What  is  meant  by  "flood  lighting"  and  where  is  this  type  of  illumi- 
nation used? 
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172.  A  multiple,  diredrcurrent,  lid-volt,  enclosed  arc  t^kes  650  watts  at 
115  volts  and  has  a  mean  spherical  candlepower  of  165.  (a)  What  is 
the  efficiency  in  watts  per  mean  spherical  candlepower?  (6)  In  lumens 
per  w^att? 

173.  A  series,  direct-current,  6.6-«xnp.,  enclosed  arc  lamp  requh-es 
495  watts  and  has  a  mean  spherical  candlepower  of  270.  (a)  What  is  it« 
rating  in  watts  per  mean  spherical  candlepower?  (6)  In  lumens  per  watt? 
Compare  this  efficiency  with  that  of  the  arc  lamp  of  problem  172,  which  is 
similar.     Account  for  the  difference. 

174.  A  series,  altemating-cmrent,  6.6-amp.,  enclosed-carbon,  arc  lamp 
takes  430  watts  at  a  power-factor  of  0.85,  and  gives  a  mean  spheric>al  candle- 
power  of  135.  The  arc  itself  takes  420  watts,  and  the  arc  current  and  the 
arc  voltage  are  substantially  in  phase  with  each  other,  (a)  What  is  the 
efficiency  of  the  entire  lamp  in  watts  per  mean  spherical  candlepower? 
(?>)  In  lumens  per  watt?  (c)  What  is  the  voltage  across  the  arc?  (d)  Draw 
to  scale  a  vector  diagram,  (c)  Why  is  the  power-factor  of  this  lamp  less 
than  xmity? 

175.  A  multiple  alternating-current  arc  which  t^kes  0.64  amp.  at  115 
volts  and  a  power-factor  of  0.70,  has  a  mean  spherical  candlepower  of  .145. 
(a)  What  is  the  efficiency  of  this  lamp  in  watts  per  me^n  spherical  candle- 
power?  (h)  In  lumens  per  watt?  (c)  The  voltage  across  the  arc  is  70 
volts  and  is  substantially  in  phase  with  the  current.  Draw  a  vector  diagram 
of  this  arc.  (d)  How  much  power  is  consumed  by  the  auxiliary  devices? 
{€.)  Compare  this  power  with  similar  power  consumed  in  the  direct-current, 
multiple  arc  lamp.     (Bee  problems  170,  171  and  172.) 

176.  A  series  magnetite  lamp  takes  6.6  amp.  at  75  volts  and  has  a  rating 
of  550  m.s.cp.  What  is  the  efficiency  in  watts  per  mean  spherical  candle- 
power?     Lumens  per  watt? 

177.  Assume  that  a  lamp  similar  to  that  of  jjroblem  176  is  arranged  to 
go  iu  multiple  across  110-volt  direct-currejit  mains,  and  that  the  arc  itself 
takes  the  same  volts  and  the  same  watts  and  ha<?  the  same  candle-power. 
What  is  the  over-all  hght  efficiency  of  this  lamp  in  lumens  per  watt? 

178.  A  lamp  trinmier  receiving  S3.70  per  day  can  trim  75~500-watt magne- 
tite lamps  in  that  time.  Allowing  1.1  cts.  per  kilowatt  hour  for  energ>', 
120  burning  hours  per  trim,  10  cts.  per  electrode  and  $51.00  per  ^^ear 
maintenance,  compute  the  approximate  operating  cost  per  year  of  such  a 
lamp  assuming  that  a  lamp  is  in  service  4,000  hr.  during  that  time. 

179.  In  a  photometric  measurement  the  stAndard  lamp  has  a  candlepower 
of  15  and  the  photometric  balance  is  obtained!  when  the  photometer  screen 
is  40  in.  from  the  standard  lamp  and  80  in.  from  the  test  lamp.  What  is 
the  candlepower  of  the  test  lamp? 

180.  Compute  the  candlepower  of  another  test  lamp  in  problem  179  when 
the  screen  is  20  in.  from  the  standard  lamp.  The  distance  between  the 
standard  and  test  lamps  is  the  same  in  eAch  CAse. 

181.  The  test  lamp  in  problem  179  has  a  spherical  reduction  factor  of 
0.82.  What  is  its  mean  spherical  candlepower  and  what  is  its  output  in 
lumens? 
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182.  Find  the  mean  spherical  candlepower  and  the  output  in  lumens  of 
the  lamp  in  problem  180  if  it  has  a  spherical  reduction  factor  of  0.82. 

183.  If  the  lamp  of  problem  182  is  equipped  with  a  reflector  which 
absorbs  25  per  cent,  of  the  light  emitted  by  the  source,  determine  the  mean 
spherical  candlepower  and  the  lamp  output  in  lumens. 

184.  A  lamp  is  tested  for  candlepower  and  the  polar  and  Rousseau  dia^ 
grams  are  plotted.  The  area  of  the  Rousseau  diagram  is  14.2  sq.  in.  and  the 
base  is  6  in.  The  scale  on  the  polar  diagram  is  20  candlepower  »  1  in. 
What  is  the  mean  spherical  candlepower  and  the  output  of  the  lamp  in 
lumens? 

185.  If  the  OO""  radius  problem  184  (see  Fig.  396,  page  440)  is  3  in.  and 
represents  the  mean  horizontal  candlepower  of  the  lamp,  what  is  the  spher- 
ical reduction  factor  of  the  lamp? 
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Absorption  of  light,  418 
Addition,  of  currents,  16 

by  use  of  vectors,  19 
of  vectors,  12 
Adjustments  of  induction  watthour 

meter,  67 
A.  I.  E.  E.  method  of  determining 
alternator  regulation,    159 
Air-break  switches,  408 
Air-cooled  transformer,  202 
Air-gap  of  induction  motors,  258 
Alternating-current,  1 

ampere,  definition  of,  8 
circuits,  25 
capacitance  alone,  29 
inductance  alone,  26 
natural  frequency,  39 
parallel  resonance,  41 
resistance,  alone,  25 
capacitance  in  series  with,  34 
inductance   in   series  with, 

32 
inductance  and  capacitance 
in  parallel  with,  40 
in  series  with,  36 
series  resonance,  38 
vector  diagrams,  36, 40,  46, 48 
instruments,  51 

electro-dynanometer  type,  51 
ammeter,  55 
inclined  coil,  54 
indicating,  52 
Siemens,  51 
wattmeter,  55 
hot-wire  type,  63 
iron-vane  type,  61 
ammeters,  63 
voltmeters,  61 
power,  22 

e£fect  of  phase  relations  on,  23 
rotating  field  due  to,  227 
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Alternating-current,  volt,  definition 
of,  14 
watthour  meter,  63 
Alternation,  6 
Alternator,  99 

armature,  reactance  of,  129 
reaction  of,  132 
resistance  of,  130 
breadth  factor  of,  121 
construction.  111 

armature  or  stator.  111 
rotating-field  structure,  115 
electromotive  force,  method  of 
determining  regulation 
of,  142 
vector  diagram  for,  146 
wave,  124 
flux  distribution,  123 
generated  electromotive  force, 
120 
effect  of  breadth  factor 
on, 121 
of  pitch  factor  on,  121 
hunting,  171 
leakage  flux,  129 
parallel  operation  of,  163 
phasing  windings  of,  125 
pitch  factor  of,  122 
rating,  126 

reactance,  armature,  129 
reaction,  armature,  132 
regulation,  128,  141 

A.  I.  E.  E.  method  of  deter- 
mining, 159 
magnetomotive  force  method 
of  determining,  155 
vector  diagram,  155,  157 
synchronous      impedance 
method  of  determining, 
142 
vector  diagram,  146 
resistance,  armature,  130 
rotating-field  type,  99 
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/Vltcmator,  synchronous,  impedance, 
147 
reactance,  147 
winding,  100 
amortisseur,  118 
barrel,  101,  104 
chain,  101 

fractional-pitch,  109 
general  principles,  100 
single-phase,  101 
half-coil,  101 
single-range,  104 
whole-coil,  101 
spiral,  101,  103 
three-phase,  106 
two-phase,  104 
lap,  106 
two-range,  104 
Aluminum  cell  lightning  arrester,  398 
Ammeters,  alternating-current,  55, 63 
Amortisseur  winding,  alternator,  118 
synchronous,  converter,  374 
motor,  318 
Ampere,  alternating-current,  8 
average  value,  10 
effective  value,  10 
heating  value,  9  , 
root-mean-square  value,  10 
Ampere- turns  of  transformer,  175 
Angular  velocity  of  rotating  vector, 

11 
Apparent  watts  in  altemating-curcnt 

circuit,  24 
Arc  lamps,  425 

alternating-current,  427 
ballast,  426 
carbon,  426 
direct-current,  425 
enclosed,  427 
flame,  429 
magnetite,  431 
mercury,  433 
metallic  electrode,  431 
regulation,  428,  432 
Armature,  alternator.  111 
construction.  111 
impedance,  137 


Armature,  impedance,  synchronous, 
147 
reactance,  leakage,  129 

synchronous,  147 
reaction,  alternator,  132 

effect  of  power-factor,  132 
sjmchronous,  converter,  366 
motor,  311 
lagging  current,  312 
leading  current,  311 
resistance,  130 
Arresters   (see  Lightning  arresters), 

395 
Artificially-cooled  transformers,  202 
Asynchronous  generator,  266 

conditions   necessary  for 
operation,  266 
Automatic  sub-stations,  411 
Auto-starters,  260 

-transformer,  206 
Average  value  of  alternating-current 
ampere,  10 

B 

Barrel  winding,  101 
Belt  factor,  121 
Breadth  factor,  121 

table  for  typical  windings,  122 
Break-down    torque    <^    induction 
motor,  245 

effect    of    machine  constants 
on,  247 
Brightness,  unit  of,  418 
Bunsen  photometer,  435 


Calibration,  of  induction  watthour 
meter,  67 
of  wattmeter,  61 
Candlepower,  definition  of,  413 
Capacitance,    altemating-c  u  r  r  e  n  t 
circuits  containing,  29,  34, 
36,40 
single-phase   transmission  line, 

383 
three-phase    transmission    line, 
386 
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Carbon-filament  lamps,  420 
Chain  winding,  101 
Characteristics,  alternator,  160 
repulsion  motor,  292 
series,  single-phase  rail  way- 
motor,  286 
squirrel-cage   induction    motor, 

243 
transformer,  195 
Charging  current,  383,  466 
Choke  coils,  401 
Circle  diagram  for  induction  motor, 

270 
Circular  measure,  453 
Ci  rcui ts    (see   Al temating-c  u  r  r  e  n  t 

circuits),  25 
Coefficient  of  reflection,  419 
Commercial  frequencies  for  lighting 

and  power,  8 
Commutating  rectifier,  334 
Commutation,  series  motor,  single- 
phase,  283 
synchronous  converter,  357 
Compensated  repulsion  motor,  291, 
303 
series  motor,  281 
Compensators,  208 

for  starting  squirrel-cage  induc- 
tion motors,  250 
Compounding  curves  for  synchron- 
ous motor,  318 
Concatenation  of  induction  motors, 

262 
Condensive  reactance,  definition  of, 

30 
Conductor  currents  in  a  synchronous 

converter  armature,  351 
Connections  of  transformers,  211 
delta,  212 
open  delta,  213 
Scott,  214 
T-connection,  214 
V-connection,  213 
Y-connection,  211 
Constant-current     transformer, 

217 
Construction  of  alternator.  111 


Converter    (see    Synchronous    con- 
verter), 342 
Core  loss  of  transformer,  189 
Core-type  transformer,  196 
Corona,  393 
Cosines,  table  of,  458 
Cotangents,  table  of,  460 
Current  transformer,  221 
Currents,  addition  of ,  16 

polygon  of,  48 

ratios   in   a   synchronous   con- 
verter, 348 
Cycle,  5 

D 

Damper  winding,   for  synchronous 
converter,  374 
for  synchronous  motor,  318 
"  Dark  lamp"  method  of  synchroniz- 
ing alternators,  169 
Delta-connection,  three-phase,  83 
line  currents,  voltages,  85 
phase  currents,  voltages,  85 
power,  85 
transformers,  212 
Direct-current     from     alternating- 
current     (see     Rectifiers), 
333 
Direct  synchronous  converter   (see 
Synchronous  converter), 
343 
Distributed  field  winding  of  alter- 
nator, 120 
Distribution,  of  light,  419 

voltages,  379 
Double-current  generator,  343 
Double, -delta   connection  of  trans- 
formers, 367 
-Y  connection  of  transformers, 
365 
Dynamometer-type  instruments,  51 
ammeters,  55 
inclined-coil,  54 
indicating,  52 
polyphase  wattmeter,  69 
single-phase  wattmeter,  66 
voltmeter,  53 
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E 


E£fective,    resistance   of   alternator 
armature,  130 
value   of   al  ternating-c  u  r  r  e  n  t 
ampere,  10 
Efficiency  of  transformers,  193 
Electric  propulsion,  330 
Electro-dynamometer    instruments, 
51 
ammeter,  55 
voltmeter,  53 
wattmeter,  55 
Electrolytic  rectifier,  341 
Electromotive    force,   generated   in 
alternator,  120 
effect,  of  breadth  factor  on,  121 

of  pitch  factor  on,  122 
wave  shape  of,  124 
induced,   m  rotor  of  induction 
motor,  236 
m  transformer,  173 
method  of  calculating  regulation 
of  alternator,  142 
Enclosed  arc  lamp,  427 
End-rings,  241 

Energy,  component  of  current,  48 
in  synchronous  motor,  323 
measurement,  63 
Equation  of  sine  wave  of  current 

or  voltage,  11 
Equivalent,  reactance  of  transformer, 
184 
resistance  of  transformer,  184 
Exciting  current  of  transformer,  176 


Factory  lighting,  447 
Field  structure  of  alternator,  115 
Flame  arc  lamps,  429 
Flexible  towers,  405 
"Floating"  neutral,  211 
Flood  lighting,  450 
Flux,  distribution  in  alternator,  123 
in  single-phase  induction  motor, 
292 


Foot-candle,  416 
Form  factor,  10 
Four-phase  system,  93 
Fractional-pitch  winding,  109 
Frequency,  calculation  of,  7 

changers,  331 

commercial  values  of,  8 

definition  of,  5 

indicators,  68 

in  rotor  of  induction  motor,  236 

measurement,  68 

natural  value  for  alternating- 
current  circuit,  39 

table  for  various   numbers   of 
poles  and  speeds,  7 


G 


Gas-filled  Mazda  lamps,  423 

ratings  of,  424 
G.  E.  M.  lamp,  421 
Generated    electromotive   force    in 

alternator,    120 
Generation,  of  sine  wave,  3 

of  three-phase  currents,  79 
Graphical  construction  of  sine  waves, 

4 

H 

Half-coil  winding,  101 

Harmonics  in  converter  armatures, 
365 

Heating  value  of  alternating-current 
ampere,  9 

High-voltage  measurements,  220 

Horn-gap  lightning  arresters,  397 

Hot-wire  instruments,  63 

H-type  transformer,  198 

Hunting,  of  alternators,  171 

of  synchronous  converters,  374 
of  synchronous  motors,  318 


Illumination^  413,  416 
indirect,  446 
intensity  of,  415 
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ninmination,  interior,  444 

law  of  inverse  squares  as  applied 

to,  417 
measurement  of,  435 
semi-indirect,  447 
unit  of,  415 
Impedance,  definition  of,  33 

drop  in  alternator  armature,  137 
equivalent  value  for  a   trans- 
former, 187 
in  alternating,  current  circuits, 

33 
synchronous,  147 
Incandescence,  420 
Incandescent  lamps,  420 
carbon  filament,  420 
effect   of   voltage   variations 

on,  424 
gas-filled,  Mazda  Type  C,  423 
nitrogcD-filled,  423 
tantalum  filament,  421 
tungsten  filament,  421 
Inclined-coil  instruments,  54 
Indicating  electro-dynamometer,  52 
Indirect  lighting,  446 
Induced  electromotive  force,  in  later- 
nator,  120 
induction  motor  rotor,  236 
transformer,  173 
Inductance,    in    alternating-current 

circuits,  26,  32,  36,  40 
Induction,  generator,  265 
operation,  266 

used  for  regenerative  braking, 
269 
motor,  225 
air-gap  of,  258 
circle  diagram  for,  270 
concatenation  of,  262 
effect  of  rotor  resistance  on 

slip,  253 
induced    electromotive   force 

in  rotor,  236 
polyphase   machine  used   as 
single  phase  machine,  296 
power-factor  of,  244 
principle  of,  21^5 


Induction,   motor,   reversing  direc- 
tion of  rotation  of,  234 
rotating  field  of,  227 
drum-wound  machine,  231 
method  of  reversing  direc- 
tion of,  234 
three-phase     Gramme-ring 

winding,  230 
two-phase*      Gramme-ring 
winding,  228 
rotor  frequency  of,  236 
single-phase  (see  Single-phase 

motors),  292 
slip,  definition  of,  226 

measurement  of,  273 
speed  control,  258 

change  of  number  of  poles, 

261 
change  of  slip,  259 
concatenation,  262 
frequency  change,  261 
Scherbius  method,  259 
squirrel-cage  type,  241 
applications,  248 
break-down  torque,  245 
effect  of  reactance  on,  247 
effect  of  resistance  on,  247 
effect  of  voltage  on,  247 
disadvantages  of,  245 
effect   of   load   on   power- 
factor  of,  244 
operating  characteristics  of, 

243 
starting  of,  249 
starting  torque  of,  246 

effect  of  frequency  on,  248 
torque,  effect  of  slip  on,  245 
effect  of  voltage  on,  246 
synchronous  speed  of,  235 
torque  of,  237 

effect  of  slip  on,  238 
used  as  phase  converter,  300 
wound-rotor  type,  253 
applications,  256 
comparison  with  squirrel- 
cage,  256 
disadvantages,  255 
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Induction,   motor,   wound- rotor 
type,  effect  of  rotor  re- 
sistance on  slip  of,  253 
efficiency  of,  254 
speed  control  of,  254 
starting  of,  255 
regulator,  275 

used  with  s>'nchronous  con- 
verter, 359 
watthour  meter,  63 

adjustment  and  calibration, 

67 
compensation   adjustment, 

64 
gliding  field,  65 
*'shaded-pole,"64 
Inductive  reactance,  definition  of,  28 
Industrial    applications,     induction 
motor,  24S,  256 
sjmchronous  motor,  329 
electric  propulsion,  330 
frequency-changer  sets,  331 
Instrument  transformers,  220 
current,  221 
potential,  221 
Instruments  for  alternating-current 

measurements,  51 
Insulators  for  transmission  lines,  401 
glass,  401 
link  type,  403 
patented  compounds,  402 
pin-type,  401 
porcelain,  402 
suspension-type,  402 
Intensity  of  illumination,  415 
Interior  lighting,  444 
Interpoles  on  converters,  369 
Inverted     synchronous     converter, 

344,  367 
Iron-vane  instruments,  61 
ammeters,  63 
voltmeters,  61 


Lamps,  are  (see  An  lamps),  426 
incandescent,  420 
carbon  filament,  420 
effect  of  voltage  on,  424 
gaa-filled,  423 
nitrogen-filled,  423 
tantalum  filament,  421 
tungsten  filament,  421 
Mazda,  Type  A,  422 
Type  B,  422 
Type  C,  423 
ratings  of,  424 
"overshooting"  of,  422 
Lap  winding,  106 
Law  of  inverse  squares  applied  to 

illumination,  417 
Lead,  definition  of,  15 
Leakage,  flux  of  alternator  armature, 
129 
effect  of  slot  aixe  on,  129 
flux  of  transformer,  178 
reactance  of  transformer,  178 
Light,  distribution,  419 
flux,  414 
sources,  420 
Lighting,     commercial    frequencies 

for,  8 
Lightning  arresters,  395 
aluminum   ell,  398 
horn-gap,  397 
multigap,  395 
Link-tj'pe  insulators,  403 
Logarithms,  table  o^,  462 
Lumen,  definition  of,  414 
Luminescence,  420 
Luminous,  flux,  414 
intensity,  416 
unit  of,  416 
Lummer-Brodhun  photometer,  437 


M 


Lag,  definition  of,  15 
Lambert,  definition,  418 


Magnetite  are,  electrodes,  431 

regulation  of,  432 
Magnetizing  current  of  transformer, 
176 
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Magnetomotive    force    method    of 
determining      aJtemator 
regulation,  155 
effect  of  saturation  on,  158 
measurements  required  for,  155 
vector  diagram  of,  155,  157 
Mazda  lamps,  421 

Type  A,  Type  B,  422 
Type  C,  423 
Mean  spherical  cand]^x)wer,  415 
Measurements,  51 

current,  51,  55,  63 
energy,  63 
frequency,  68 
high  voltages,  220 
power,  55 
power-factor,  69 
sHp,  273,  275 
sjTichronism,  71,  169 
voltage,  52,  53,  54,  61,  220 
wave  shai)e,  72 
Mechanical  rectifiers,  334 
Mercury-arc,  lamp,  433 
rectifier,  336 

used    with    constant-currrait 
transformer,  219 
Metallic-electrode  arc  lamp,  431 
Moore  tube,  434 

Motor,    induction     (see    Induction 
motors),  225 
single-phase    (see    Single-phase 

motors),  279 
synchronous   (see  -Synchronous 
motors),  305 
Motor-generator  sub-stations,  407 
Multigap  lightning  arrester,  395 


N 


Natural  frequency  of  alternating- 
current  circuit,  39 

Nemst  lamp,  434 

Nitrogen-filled  incandescent  lamps, 
423 

Norfolk  &  Western  Railway  phase 
converters,  302 

Notation,  symbolic,  77 


Ohm,  definition  of,  14 

Oil,  -cooled  transformers,  199,  202 
switches,  408 

Open-circuit  test,  of  alternator,  151 
of  transformer,  189 

Open-delta     connection     of    trans- 
formers, 213 

* '  Optimistic  "  method  of  determining 
alternator  regulation,  158 

Ornamental  poles,  443 

Oscillograph,  72 

''Overriiooting"  of  tungsten  lamps, 
422 


Parallel,   circuits    (see   Alternating- 
current  circuits),  40 
operation  of  alternators,  163 
effect  of  field  excitation  on, 
164,  167 
speed-load        character- 
istics of  prime  movers, 
165 
method  of  shifting  load,  164 
synchronixing,  168 
synchronizing  current,  166 
operation  of  synchronous  con- 
verters, 373 
resonance,  41 
"Pessimistic"  method  of  determin- 
ing  alternator   regulation, 
142 
Phase  converter,  induction  motor  as, 

300 
Phase  relations,  14 

difference  of,  15 
effect  on  power,  23 
Phasing,  windings  of  alternator,  125 

transformers,  213 
Photometers,  435 
Bimsen,  435 
Lummer^Brodhun,  437 
portable,  438 
Sharp-Millar,  438 
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Photometry,  413,  435 
Pin-type  insulators,  401 
Pitch  factor,  122 

Polarity  of  synchronous  converter, 
370 
methods  of  reversing,  371 
Poles  for  transmission  systems,  403 
Polygon,  of  currents,  48 

of  voltages,  43 
Polyphase,  converters,  344 
systems,  76 

comparative        ratings        of 

machines  for,  76 
generation  of  power  for,  79 
three-phase,  79 
two-phase,  93 
uses,  70 
wattmeter,  59 
Portable  photometers,  438 
Potential  transformer,  221 
Power,  alternating-current,  22 

effect  of  phase  relations  on, 
23 
commerical  frequencies  for,  S 
-factor,  24 

correction  of,  with  synchron- 
ous condenser,  322 
with    synchronous    motor, 


324 


definition  of,  24 

diagram    for    two-wattmeter 

method,  92 
indicators,  69 

three-phase,  71 
induction  motor,  244 
in  three-phase  systems,  83 
in  delta  systems,  85 
in  Y  systems,  82 
measurement,  55 
in  three-phase  systems,  87 
three    wattmeter    method, 

87 
two  wattmeter  method,  89 
Y-box,  88 
in  two-phase  systems,  98 
Primary  leakage  flux  of  transformer, 
178 


Q 


Quadrature  component  of  current, 

49,  323 
Quarter-phase  system,  93 

R 

Range  of  alternator  winding,  104 
Rating  of  alternators,  127 
Reactance,  condensive,  30 

due  to  leakage  flux  of  trans- 
former, 178 
equivalent    in    a    transformer, 

184 
inductive,  28 

of  alternator  armature,  129 
single-phase  transmission  line, 

380 
synchronous,  147 
table  of  values  for  transmission 

line,  465 
three-phase    transmission    line, 
382 
Reaction,  armature,  of    alternator, 
132 
of  synchronous,  converter,  366 
motor,  311 
Rectifiers,  333 

commutating,  334 
electrolytic,  341 
mercury-arc,  336 
Tungar,  338 
vibrating,  334 
Reflection,  coefficient  of,  419 
Reflectors,  442 
Refractors,  442 

Regulation  of  alternator,  128,  141 
A.  I.  E.  E.  method  of  determin- 
ing, 159 
definition  of,  149 
delta-connected,  153 
electromotive  force  method  of 
determining,  142 
vector  diagram  of,  146 
magnetomotive  force  method  of 
determining,  155 
vector  diagram  of,  155,  157 
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Regulation,  of  aJtemator,  synchron- 
ous impedance  method  of 
determining,  142 
vector  diagram  of,  146 
Y-connected,  152 
of  transformer,  193 
of  transmission  line,  389 
Regulator,  induction,  275 

Tirrill,  161 
Repulsion-inductidn  (RI)  motor,  303 
Repulsion  motor,  286 

characteristics  of,  292 
compensating  field  of,  291 
conditions  necessary  for  opera- 
tion, 288 
direction  of  rotation  of,  290 
effect  of  brush   position   on 

torque,  290 
principle  of  operation,  287 
sparking  of,  292 
transformer  field  of,  291 
Resistance,  alternator  armature,  130 
copper  wire,  464 
effective  armature,  131 
equivalent  value  in  transformer, 

184 
in   alternating-current  circuits, 
25,  32,  34,  36,  40 
Resonance,  parallel  circuit,  41 

series  circuit,  38 
Root-mean-square  value  of  alternat- 
ing-current, 10 
determination       for      any 
wave  shape,  10 
Rotating  field,  of  alternator,  99 
of  induction  motor,  227 

reversal  of  direction  of, 

234 
drum  winding,  234 
three-phase    ring    wind- 
ing, 231 
two-phase  ring  winding, 
230 
structure  on  alternator,  115 
Rotor  of  induction  motor,  231 
frequency  of  currents  in,  236 
induced  electromotive  force  in, 
236 


Rotor  of  induction  motor,  speed  of, 
232 
squirrel-cage,  241 
wound,  253 

with  internal  starting    resis- 
tance, 257 
Rousseau  diagram,  440 


S 


Salient  poles,  116 
Scalars,  12 

Scherbius      method    of     induction- 
motor  speed  control,  259 
Scott-connection  of  transformers,  214 
Secondary    leakage    flux    of    trans- 
former, 179 
Sectionalizing  switch,  368 
Self-cooled  transformers,  199 

with  radiators  on  tank,  201 
with  tubular  tank,  200 
Series,  booster,  359 

circuits  (see  Alternating-current 
circuits),  25 
resonance  in,  38 
motor,  279 
applications,  286 
armature  size  of,  281 
commutation  of,  283 
compensation    for    armature 
reaction,  281 
conductive,  282 
inductive,  282 
field  structure  requirements, 

280 
field  winding  of,  280 
frequencies  for,  280 
vector  diagram  of,  284 
Shaded    pole,    method    of   starting 
single-phase     induction 
motor,  298 
on  induction  watthour  meter, 
64 
Sharp-Millar  photometer,  438 
Shell-type  transformer,  195 
Short-circuit    test,    of    alternator 
150 
of  transformer,  191 
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Siemens  d3mamometer,  51 
Siemens-Halske    method   of  syn- 
chronizing  aJtemators,  170 
Silhouette,  seeing  at  night  by  means 

of,  448 
Simplified  vector  diagram  for  trans- 
former, 182 
Sine  wave,  3 

construction,  4,  5 
equations   for    currents    and 
voltages,  11 
Sines,  table  of,  458 
Single-phase,  motors,  270 
induction,  292 

direction  of  rotation,  294 
fluxes  in,  292 

polyphase  motor  used  as,296 
reactions  in,  294 
starting,  296 
repulsion,  300 
shaded-pole  method,  298 
split-phase  method,  296 
auxiliary  poles,  296 
three-phase  winding, 
298 
torque,  298 
used  as  phase  converter.  300 
Norfolk  and   Western 

Railway,  302 
three-phase  voltages  ob- 
tained from,  301 
two-phase,  300 
Wagner  Type  BA,  300 
repulsion        (see     Repulsion 

motor),  286 
repulsion-induction  (RI),  303 
speed  characteristic,  303 
starting  torque,  303 
series  (see  Series  motor),  279 
unity  power-factor,  304 
Single-phase  transmission  line,  378 
calculations  for,  387 
capacitance  of,  383 
charging  current  of,  383 

table  of,  466 
for  railway  electrification, 
378 


Single-phase  transmiasion  line, 
actance  of,  380 
table  of,  465 
vector  diagram  for,  388 
with    considerable  capaci- 
tance, 391 
Single-phase  winding  of  alternator, 

101 
Single-range  winding,  104 
Slip,  definition  of,  235 

effect  of  rotor  resistance  on,  253 
measurement  of,  273,  275 
squirrel-cage  motor,  243 
synchronous  speed,  235 
Solid  angle,  414 
Specular  reflection,  449 
Speed  control     f  induction  motor, 
258 
change  of  number  of  poles,  261 

of  slip,  259 
concatenation,  262 
frequency  change,  261 
Scherbius  method,  259 
Speed  of  synchronous  motor,  306 
Spherical,  candlepower,  415 
reduction  factor,  441 
Spiral  winding,  101 
Split-pole  converter,  361 
commutation  of,  362 
Squirrel-cage  induction  motor  (see 

Induction  motor),  241 
Starting,  compensators,  250 

induction  motors,  249,  255 
single-phase    induction    mo- 
tors, 296 
synchronous,  converters,  368, 
372 
motors,  320 
torque  of  squirrel-cage  motor, 
245 
Stator  construction  of  alternator,  111 
Steradian,  414 
Street  illumination,  442 
Stroboscope,  273 

Structures  for  transmission  lines,  403 
Sub-stations  (see  Transmission  line, 
substations),  406 
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Suspension-type  insulators,  402 
Switches,  air-break,  408 

oil,  409 
Sj^mbolic  notation,  77 
Synchronizing,  alternators,  168 
synchroscope,  71 
current,  166 
Synchronous,  alternator  (see  Alter- 
nator), 99 
condenser  for  power-factor  regu- 
lation, 322 
converter,  342 

amortisseur  winding,  374 
armature  reaction  of,  356 
commutating  poles,  358 
commutation  of,  357 
conductor  currents  of,  351 
connections   of    transformers 

for,  364 
current  ratios,  348,  349,  350 
direct,  343 

double-current  generator,  343 
exi>erimental     determination 

of  operation,  364 
harmonics  in,  365 
hunting  of,  374 
inverted,  344,  367 
parallel  operation  of,  373 
polarity  of,  370 
polyphase,  344 
principle  of,  342 
rating,  355 
effect  of  number  of  phases 
on,  355 
of  power-factor  on,  355 
sectionalizing  switch  for,  368 
slip-ring  taps,  345 
slip-rings,    number    required 

for,  345 
sparking  of,  369 
split-pole,  361 

starting,  by  auxiliary  motor, 
372 
from    alternating-current 

side,  368 
from    direct-current    side, 
373 


SjTichronous,     converter,     sub-sta- 
tions,  407 
three-wire,  375 
voltage  control,  358 
field  control,    359 
induction  regulator,  359 
series  booster,  359 
series  reactance,  359 
split-pole,  361 
transformer  taps,  360 
voltage  ratios,  345,  346 
generator  (see  Alternator),  99 
impedance,  147 

method     determining    alter- 
nator  regulation,    142-155 
incl. 
motor,  305 
amortisseur  winding,  318 
armature  reaction,  311 
lagging  current,  312 
leading  current,  311 
compounding  curves  for,  318 
damper  windings  for,  318 
effect  of  loading  on,  306 
field  excitation,  309,  312 
hunting  of,  318 
industrial  applications,  329 
frequency  changers,  331 
propulsion,  330 
small  sizes,  332 
power-factor,  315 
effect  of  field  excitation  on, 
309 
principle  of  operation,  305 
salient  poles,  314 
speed  of,  306 
starting,  320 
torque,  321 

voltage    induced    in    field 
during,  322 
uses,  329 
power-factor  correction,  324 
voltage  regulator,  326 
V-curves,  315 

vector      diagrams,      lagging 
current,  313 
leading  current,  311 
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Synchronoi2s,  reactance,  147 

speed  of  induction  motors,  235 
Synchroscope,  71 


Tangents,  table  of,  460 
Tantalum  filament  lamps,  421 
T-connection  of  transformers,  214 
Teaser  transformer,  215 
Three  -phase,    current,    generatoin, 
79 
delta-connection,  83 
power-factor  indicator,  71 
power  measurements,  87 
rotating    field  of  induction 

motor,  230,  233 
systems,  77 
transformer,  203 

connections,  211 
transmission  line,  377 
calculations  for,  388 
capacitance  of,  386 
reactance  of,  382 
unsymmetrical  spacing  of,  387 
winding,  106 
Y-connection,  80 
Three, -wattmeter  method  of  power, 
measurement,  87 
-wire  converter,  375 

zig-sag  transformer  connec 
tions  for,  376 
Thury  system,  377 
Tirrill  regulator,  161 
Torque  of  induction  nx)tor,  237 
break-down,  245 
effect  of  slip  on,  238,  245 
starting,  245 
Towers,  transmission,  405 
Transformer,  172 

ampere- turns  of,  175 
artificially  cooled,  202 
auto-,  206 
as  a  voltage  booster,  210 
obtaining  neutral  by  means 
of,  210 
compensator,  209 
connections,  211 


Transformer  connections,  211 
converters,  364 
delta,  212 
diametrical,  365 
double  delta,  366 
double- Y,  365 
open  delta,  213 
8coU,  214 
six-pha«e  star,  365 
T,  214 
V,  213 
Y,  211 

ng-sag  Y,  376 
constant-current,  217 
with  mercury-arc  rectifier,  219 
cooling  of,  199 

water,  202 
core  loss,  190 
eddy  current,  189 
hysteresis,  189 
ooro>type,  195 
current,  221 
efi^ency  of,  193 
equivalent,  reactance  of,  184 

resistance  of,  184 
exciting  current  of,  176 
H-type,  198 
induced  electromotive  force  of, 

173 
instrument,  220 
leakage,  flux  of,  178 

reactance,  178 
magnetizing  current  of,  176 
open-circuit  test  of,  189 
potential,  221 
principle  of,  172 
regulation  of,  193 
relation  of  primary  and  second- 
ary currents,  177 
shell-type,  195 
short-circuit  test,  191 
sub-stations,  406 
three-phase,  203 
vector  diagram,  180 
simplified  diagram,  182 
Transmission  lines,  377 

capacitance     of,    aingit>-phaaey 
383 
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Transmission      lines,     three-phase, 
symmetrical  spacing,. 3B6. 
charging  current,  tabl&:of,  466 
construction  of,  401 
corona,  393 
insulators  for,  401 
lightning  arresters  for,  395 
reactance  of,  380 
single-phase,  380 
three-phase  synunetrical,  382 
single-phase  calculations,  387 

vector  diagram  for,  388 
single-phase  railway,  378 
structures  for,  403 
sub-stations  for,  406 
arrangement  of,  410 
automatic,  411 
motor-generator,  407 
out-door,  411 
switches,  408 

synchronous  converter,  407 
transformer,  406 
three-phase  calculations,  388 
unsymmetrical     spacing     of 
conductors,  387 
voltages  used  for,  378 
with  large  capacitance,  391 
Triangle  of  vectors,  12 
Trigonometric,  formulas,  457 
functions,  452 
tables,  458 
sines  and  cosines,  458 
tangents  and  cotangents,  460 
True  watts,  24 
"Tub''  transformer,  217 
Tuma  phase-meter,  69 
Tungar  rectifier,  338 
Tungsten  lamps,  421 
Two-phase  systems,  93 

measurement  of  power  in,  98 
Two-range  winding,  104 
Two-wattmeter  method  of  measur- 
ing power,  89 

U 

Unity  power-factor  motor,  Wagner 
Type  BK,  304 


Unsymmetrical  spacing  of  con- 
ductors, on  transmission 
line,  387 


V-connection  of.  transformers,  213 
V-curves  for  synchronous  motor,  315 
Vector  diagrams,  for  alternator,  137 
armature  reaction,  134, 135, 

136 
lagging  current,  13.9 
leading  current,  140 
low  power-factor  load,  159 
magnetomotive  forces,  144 
parallel  operation,  167,  168 
short-circuit,  148 
synchronizing  current,  165, 

168 
unity  power-factor,  137 
delta  connection,  84 
induction,  generator,  266,  268 

.  motor,  266 
magnetomotive  force  method, 

155,  157 
parallel  circuits,  40,  48 

resonance,  42 
seriesj  circuits,  36,  46 
resonance,  39 
motor,  284 
single-phase  transmission  line, 

388 
synchronous,    impedance 
method,  146. 
motor,  307 
effect,  of  line  impedance 
on  terminal  voltage  at, 
327 
induced  voltage  greater 
than  terminal  voltage, 
311 
induced  voltage  less  than 
terminal  voltage,  313 
three-phase  system,  79 
transformer,  180 
current,  223 
short-circuited,  192 
simplified,  183 
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Vector     diagrams,     two-wattmeter 
method   of    power  measure- 
ment, 90 
Y-connected  system,  81,  82 
Vectors,  addition  of,  12 

of  sine  waves  by,  19 
definition  of,  12 
polygon  of,  43,  48 
representation     of     alternating 

values  by,  17 
subtraction  of,  12 
Vibrating  rectifier,  334 
Volt,  definition    of  alternating- 
current  value,  14 
Volt-amperes  of  alternating-current 

circuits,  24 
Voltage,     control     of    synchronous 
converter,  358 
polygon  of,  43 

ratios   in    a   synchronous    con- 
verter, 345,  346 
regulation     with     synchronous 

motor,  326 
regulator,  161 
Voltmeter,  electro-d ynamometer 
type,  53 
inclined-coil  type,  54 
iron-vane  type,  61 


W 


Wagner,     Type     BA     Single-phase 
Induction  Motor,  300 
Type   BK   Unity   Power-factor 
Motor,  304 
Watthour  meter,  63 

adjustment  and   calibration, 
67 
Wattless  component  of  current,  49 
Wattmeter,  55 


Wattmeter,  calibration,  61 
connections  of,  57 
polyphase,  59 
Whole-coil  winding,  101 
Winding  of  alternators,  100 
amortisseur.  118 
barrel,  101,  104 
chain,  101 

fractional-pitch,  109 
general  principles,  100 
phasing  of,  125 
single-phase,  101 
half-coil,  101 
single-range,  104 
whole-coil,  101 
spiral,  101,  103 
three-phase,  106 
two-phase,  104 
lap,  106 
two-range,  104 
Wire,  table  for  resistance  of,  464 
Wound-rotor  induction  motor   (see 
Induction  motor),  253 


Y-box  for  use  in  power  measure- 
ments, 88 
Y-connection  of  three-phase  systems, 
80 
line  currents,  voltages,  81 
phase  currents,  voltages,  81 
power,  82 
power-factor,  83 
Y-connection  of  transformers,  211 


Zig-zag     Y-connections     of     trans- 
formers, 376 


